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This thesis describes a method that allows the production in parallel of nano-reactor
systems whose function is controlled by a remote stimulus. The reactors comprise
a nested system of lipid vesicles part of which release their content during a ther-
motropic phase transition.
The integration of all components (substrate and enzyme for instance) in a
single element eliminates the need for external manipulation/intervention and there-
fore renders this nanoscopic system entirely autonomous. The smallest attainable
size for vesicles (diameter 20 nm, volume 10−21 L) puts a lower limit to the total
volume of the device of about 10−18 L making it ideally suited for manipulating
interacting partners at the single molecule level.
The proof of principle of individual reactors immobilized on glass is ﬁrst char-
acterized using confocal microscopy and a ﬂuorescent dye that reports dilution dur-
ing the release. In a further step, enzymatic reactions were performed and recorded
by ﬂuorescence microscopy down to single vesicle level. Initial reaction rates were
evaluated and compared between several containers showing a dependency with en-
capsulated substrate concentration. Using vesicles of several diﬀerent lipid phase
transition temperatures, the process was extended to perform 2 consecutive enzy-
matic reactions.
In addition to conﬁned enzymatic reactions, the system was characterized
by ﬂuorescence correlation spectroscopy providing the determination of the con-




Combination of this method with vesicle microarray technology will permit the
simultaneous observation and quantitative analysis of conﬁned (bio)chemical reac-
tions in millions of separated reactors and may ﬁnd applications as high-throughput
screening of single enzyme reaction system. The possibility to perform multiple
consecutive biochemical reactions may permit to use this system as artiﬁcial cells.
Keywords: Nanoreactor, Single Vesicle, Conﬁned Reaction, Controlled Release,
Immobilization, Self-assembly, High-throughput Screening, FCS.
Re´sume´
Cette the`se de´crit une me´thode qui permet la production en paralle`le d’un syste`me
de nano-re´acteurs dont la fonction est commande´e par un stimulus exte´rieur. Les
re´acteurs comportent un syste`me des ve´sicules lipidique dont une partie libe`re leur
contenu pendant une transition de phase thermodynamique.
L’inte´gration de tous les composants (substrat et enzyme par exemple) dans
une ve´sicule e´limine le besoin de manipulation ou d’intervention externes et rend
donc ce syste`me nanome´trique entie`rement autonome. La plus petite taille possible
pour des ve´sicules (diame`tre 20 nanome`tres, volume 10−21 L) donne une limite
infe´rieure a` tout le volume du re´acteur a` environ de 10−18 L le rendant ide´alement
adapte´ pour manipuler les re´actifs partenaires jusqu’au niveau de la mole´cule unique.
La preuve du principe des re´acteurs immobilise´s sur le verre est d’abord car-
acte´rise´e en utilisant la microscopie confocale et un colorant ﬂuorescent qui permet
le rapport d’une dilution pendant le relaˆchement au sein de chaque re´acteur. Dans
une autre e´tape, des re´actions enzymatiques ont e´te´ exe´cute´es et mesure´es par mi-
croscopie de ﬂuorescence dans plusieurs ve´sicules individuellement. Des vitesses ini-
tiales de re´action ont e´te´ e´value´es et compare´es entre plusieurs re´acteurs montrant
une de´pendance avec la concentration de substrat encapsule´. Utilisant des ve´sicules
ayant diﬀe´rentes tempe´ratures de transition de phase lipidique, le processus a e´te´
e´tendu pour exe´cuter 2 re´actions enzymatiques conse´cutives.
En plus des re´actions enzymatiques conﬁne´es, le syste`me a e´te´ caracte´rise´ par
la spectroscopie de corre´lation de ﬂuorescence (FCS) fournissant la de´termination




La combinaison de cette me´thode avec des micro-technologies alignant les
ve´sicules permettra l’observation simultane´e et l’analyse quantitative (de bio) re´ac-
tions chimiques conﬁne´es dans les millions de re´acteurs se´pare´s et peut trouver des
applications comme un syste`me de criblage de re´action d’enzyme unique. La pos-
sibilite´ d’exe´cuter de multiples re´actions biochimiques conse´cutives peut permettre
d’employer ce syste`me comme cellules artiﬁcielles.
Mots-cle´s: nanore´acteur, ve´sicule unique, re´action conﬁne´es, relaˆchement controˆle´,
immobilisation, auto-assemblage, criblage, FCS.
Chapter 1
General introduction
This introduction presents the techniques and approaches developed up to now from
many diﬀerent research groups to precisely manipulate very small volume containers.





These containers were mostly used in bulk dispersion or as an ensemble, how-
ever beneﬁting from recent microscopy technique developments; they become more
and more attractive as individual entities for (bio-) chemical manipulations. This
introduction emphasis selected articles which provide major contribution for manip-
ulating containers in an individual manner.
1.1 (Nano-) containers:
Containers oﬀer the possibility to encapsulate several kinds of (bio-)chemical molecules
from small ions to complex proteins, enzymes or DNA. One common application of
these containers is to isolate the incorporated molecules from their environment
thus reduce their degradation depending on the permeability and physical proper-
ties of the container membrane. Another recent application is the development of
innovative containers to conﬁned (bio-) chemical reactions. This possibility is of
wide chemical and biological interest. In particular, the possibility to conﬁne and
control biological processes such as enzymatic reactions at the single molecule level
1
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will provide novel information on structural ﬂuctuations which cannot be obtained
from ensemble measurements. Reducing the volume of a biochemical reaction makes
it also more physiologically relevant. Cellular chemistry takes place in ultra-small
dimensions, within compartments that are deﬁned by a phospholipid bilayer bound-
ary. With such small dimensions (10−21 to 10−12 liter), the surface-area-to-volume
ratio is extremely high and the contained molecules can experience collisions with
the phospholipid surface at frequencies much greater than their reaction collisional
frequencies.
A few published reviews are already devoted to the ﬁeld of conﬁned reactions.
Some of them report on self-assembled nanoreactors [1], lipid vesicles used for en-
zymatic reactions [2] and biomimetic nanoscale reactors [3]. Other reviews concern
theoretical aspects of conﬁned reactions kinetics [4, 5].
The rapid development and progress of single-molecule detection techniques
has opened up a new era of biological research. Single molecule data enhance quali-
tatively and quantitatively biological studies. Eﬀectively, the data obtained by these
sensitive techniques are not averaged over an ensemble as probed by classical tech-
niques, therefore the dynamics and mechanics of biological molecules are better eval-
uated and understood. The review published by Ishijima and Yanagida [6] summa-
rizes single-molecule experiments that have been designed to investigate molecular
motors, enzyme reactions, protein dynamics, DNA transcription and cell signaling.
Other interesting reviews which focused either on single-protein folding studies [7]
or single molecule enzymology [8] demonstrate the progress performed in the ﬁeld
of single-molecule detection.
The combination of single-molecule detection techniques and nano-container
systems will highly improve the data obtained from conﬁned (bio-) chemical reac-
tions and may open new systems for nanotechnology applications. This gave us
the motivation to present selected articles which report innovative and powerful
approaches to manipulate and analyze individual micro- or nano- sized containers.
The choice to select these articles is based on the improvement brought towards
single-enzyme reactions studies but also other useful technological applications like
high-throughput screening systems.
Lipid vesicles can be regarded as artiﬁcial cell membranes. They are stabilized
by hydrophobic interactions between natural or artiﬁcial amphiphilic lipids mainly
phospholipids. The cylindrical shaped lipids self-assemble into bilayers with their
hydrophobic chains packed together in the middle of the membrane and presenting
on both sides their polar head groups to the aqueous solution. They form sponta-
neously spherical hollow structures with one (unilamellar) or more (multilamellar)
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bilayers. These so-called lipid vesicles are particularly suitable containers for bio-
logical molecules due to their similarity with native biological membranes. Vesicles
can in addition be produced directly from cells, in this case we refere to them as
”native vesicles”. From living cells, small native vesicles can be produced [9] having
the same membrane composition as their mother cell. That opens the possibility
to investigate cellular signaling reactions within attoliter volumes useful for new
miniaturized bioanalytics systems
1.1.1 Lipid vesicles on surfaces.
In order to distinguish single containers in an ensemble, several prerequisites have
to be fulﬁlled. One appropriate way is to immobilize chemically functionalized
nanocontainers on a glass substrate. This oﬀers the possibility to apply useful
microscopy techniques mainly based on ﬂuorescence (e.g. confocal, wide-ﬁled, near-
ﬁled or TIRFmicroscopy) and follow single containers over time in a parallel manner.
The work of Rhoades [10] demonstrates the advantages oﬀered by immobiliz-
ing small lipid vesicles via avidin-biotinylated lipids interactions. In these vesicles,
a protein, adenylate kinase, was encapsulated and labeled with two ﬂuorophores.
The FRET eﬃciency between these two ﬂuorophores was monitored and enabled to
study the conformational ﬂuctuation of single protein molecules between a folded
and unfolded state. The lipid vesicles were used to spatially trap individual pro-
tein near the glass surface but without direct surface interactions. This approach
demonstrates an interesting single molecule analysis that can be eﬀectively scaled
up and parallelized. A similarly strategy was developed to tether small lipid vesicles
functionalized with cholesterol-tagged DNA to a supported lipid bilayer on glass.
This technique [11] allowed the vesicles lateral mobility in the x, y plane due to the
ﬂuidity of the supported bilayer and could be applied to study vesicle-vesicle (i.e.
membrane-membrane) interactions as they occur in endocytosis or t-cell recognition.
Another complex protein-vesicle construction was applied to investigate the
ATP synthases molecular motor down to single molecule level [12]. To achieve
this performance, functional His-tagged ATP synthase was reconstituted on small
lipid vesicles. The proteoliposome was than immobilized on a Ni+
2
coated glass
surface. As one part of the enzyme was immobilized, the rotation of the liposome was
monitored by polarization-resolved confocal microscopy. This work demonstrates
the importance of immobilization for single molecular motor analysis.
Patterned immobilization: — The aforementioned techniques enable the ran-
dom immobilization of small lipid vesicles on the surface. In combination with
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micro-fabricated surfaces, immobilization of tagged vesicles can produce two dimen-
sional arrays of encoded vesicles, [13], [14]. In these cases the containers were used to
detect biomolecular recognition reactions. An improved system to create vesicles or
protein arrays [15] was based on the combination of surface modiﬁcation and cross-
ing microﬂuidic channels. That has the advantage to easily keep the modiﬁed surface
hydrated but also increase surface functionalization possibilities. An alternative ap-
proach [16] used an atomic force microscope (AFM) to direct the immobilization of
small vesicles. The idea is to damage a region of a supported bilayer with the AFM
tip where the vesicles will spontaneously adsorb and stay immobilized. AFM has
also been used [17] to characterize single vesicle adsorbed on SiO2 surfaces.
The application of colloidal lithography [18] reduced the pattern sizes down
to 50 nm. The reduction of the pattern size extends the applications to powerful
high-throughput screening systems for proteins or DNA. The ultimate step in size
reduction is to immobilize one single vesicle per pattern spot. This was possible
[19] by precisely controlling the speciﬁc and non-speciﬁc patterned regions with
the micro-contact printing technique. This approach produced a high-density array
of single attoliter containers over large areas by self-assembly processes. Recently
similar results have been obtained by combining the micro-contact printing and
photolithography techniques [20]. That approach resulted in the immobilization of
single 1 μm vesicles inside functionalized microwells. In addition to immobilization,
microfabricated devices were also used to electrophoretically deform and manipulate
soft lipid vesicle membrane [21]. This work demonstrated an alternative way to
immobilize single lipid vesicles suspended in solution.
1.1.2 Single vesicle (micro-)manipulation.
Conﬁned reactions: — This section focuses on the processes developed to control
conﬁned reactions within lipid vesicular reactors. One example of optical manipu-
lation of lipid vesicles is shown by the work of Sun et al. [23]. Individual vesicles
encapsulating a certain reactant were optically trapped in the focus of a ﬂuorescent
microscope. A surrounding reactant met the other one because of an UV laser-
induced fast breakdown of the sensitized-lipid bilayer allowed the rapid mixing of
the encapsulated molecules with the surrounding and was monitored by the con-
comitant production of a ﬂuorescent signal. The induced reaction was not spatially
conﬁned however. Due to the fast (0.3 s) barrier breakdown the two reactants
remained geometrically localized only during a certain small time interval. This
approach was also useful [24] to determine the encapsulation eﬃciency of individual
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Figure 1.1: Confocal ﬂuorescence microscopy characterization of groups
of vesicles arrayed on a glass surface. (a) Fluorescence from the lipid bilayer
indicates the position of the vesicles. (b) Line trace from the image in (a) showing
the rhodamine signal (red) and the simultaneously acquired ﬂuorescence signal of
CF (green). The vesicles are positioned site-speciﬁcally on the surface and remain
intact, as indicated by their retention of CF. Taken from Stamou et al. [22].
vesicles.
In some cases, giant vesicles (20 μm) remained suﬃciently immobilized by
sedimentation between two glass coverslips for analysis at single container level.
They were used as bioreactors [25] for cell-free expression. The encapsulated pro-
tein expression was prolonged during few days by inserting a pore forming protein
which induces a selective permeability through the lipid membrane. Preparation of
large vesicles in high salt concentration [26] permitted the growth of protein crys-
tals in conﬁned volumes of micrometer dimensions. Reconstruction of ﬂuorescent
actin networks in large vesicles [27] was performed to elucidate the eﬀect of spa-
tial constraints and the chemical and structural properties of the cross-linker. The
network was generated inside the vesicles by polymerization through inﬂux of Mg+
2
.
Actin networks inside vesicles were also analyzed at high resolution [28] with energy
ﬁltered electron tomography. This microscopy technique was also applied to study
phage genome transfer into liposomes [29]. The presented methods demonstrate how
single lipid vesicles can be used for biologically relevant studies. These methods take
advantage of the selective permeability of the thin lipid membrane. Dynamic control
of protein distribution within vesicles was performed by temperature changes [30].
By temperature or osmolarity, the miscibility of the encapsulated polymer solution
could be reversible converted from two phase to one phase, manipulating like this
the local protein concentration. This system represents an experimental model for
cytoplasmic organization inside a model synthetic cell.
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Figure 1.2: Electrofusion between two individual large vesicles. Bright-
ﬁeld images before (E) and after (G) electrofusion of a 10 μM ﬂuo-3 containing
vesicle (left) and a 10 μM Ca 2+ containing vesicle (right). Corresponding ﬂuores-
cence images are shown in (F) and (H). Taken from Chiu et al. [31].
Vesicle fusion: — Optical and micromanipulation setups were applied to trigger
chemical reactions conﬁned within single vesicles. Chiu et al. [31] reports the pos-
sibility to trap with optical tweezers a single 3 μm vesicle containing few molecules
of the enzyme alkaline phosphatase. The vesicle was positioned in the focus of a
ﬂuorescence microscope and electroporated by a short electric pulse delivered by a
microelectrode close to the vesicle. This electric pulse created transient pores in
the lipid membrane which permitted the substrate present in the surrounding solu-
tion to penetrate inside the vesicle and react with the encapsulated enzyme. These
microelectrodes were also used to mix and initiate the reaction by fusion between
two vesicles containing diﬀerent ﬂuorescent reactants. The combination of optical
and micrelectrodes enabled to monitor the kinetics of an enzymatic reaction inside a
single vesicle. This work demonstrates good quality of results at very small volume
but requires a complex experimental setup.
As shown above, the fusion between two lipid vesicles is an interesting ap-
proach to mix diﬀerent reactants and thus initiate chemical reactions. This was also
exploited by Kulin et al. [32] with an all-optical method. Two vesicles containing
two sorts of reactants were brought into contact with two optical tweezers. The fu-
sion was then triggered by a single UV laser pulse. The development of high-speed
microﬂuorescence spectroscopy [33] enabled studying the fusion process of two ﬂu-
orescent vesicles. An electrophoretic chamber allowed selection of pairs of vesicles
having a high density of opposite charges which fuse spontaneously when brought
into contact. The high time resolution obtained by this technique allowed studying
fast fusion intermediates like hemifusion. Another interesting approach has been
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reported to handle large vesicles [34]. Within a microﬂuidic chip composed of tiny
asymmetric electrodes, an electoosmotic ﬂow enabled control of the displacement of
loaded vesicles but also induce electrofusion. This integrated micro-chip opens the
possibilities to handle several individual vesicles which may increase the statistical
quality of the results.
Micropipet applications: — Micropipets were intensely applied to manipulate
large lipid vesicles. They oﬀer the possibility to select single vesicles of interest
from an ensemble and manipulate them by controlling the pressure induce inside
the micropipet. This technique is thus useful to characterize the mechanical prop-
erties of biologically relevant membrane as demonstrated very early by Needham
and Evans [35]. The rigidity and viscoelasticity of protein coated lipid vesicle were
characterized more recently [36] by this technique. In addition to those analyzing
techniques, micropipets were used to create impressive ultasmall networks of lipid
vesicles interconnected with lipid nanotubes. This original manipulation was ﬁrst
demonstrated by Evans et al. [37] and optimized further by the group of Orwar [38]
who were able to build complex 3D lipid networks. More interestingly, enzymatic
reactions were initiated by injection of enzyme inside these lipid networks [39]. The
conﬁned enzymatic reaction was dynamically controlled by the network geometry
that generated wave like patterns in the formation of product. This demonstrates
the possibility to initiate conﬁned bio-chemical reaction inside volumes at conditions
similar to physiological ones.
Figure 1.3: Fluorescence microscopy images showing product (ﬂuores-
cein) formation in networks. Taken from Sott et al. [39].
1.1.3 Types of containers:
The articles reported in the previous sections deal with techniques to manipulate
lipid vesicles, which represent ideal containers for biochemical applications due to
their similarity with natural biological cell membranes. In addition to lipid vesicles
a few other materials and structures represent promising candidates for assembling
nanocontainers. The following sections will review the most interesting possibilities
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which demonstrate improvements on the ﬁeld of ”single ultra-small volume manip-
ulation”. Like in the case of lipid vesicles, most of the containers were fabricated by
self-assembly processes. Eﬀectively, in order to produce in suﬃcient amounts deﬁned
structures with dimensions down to nanometer scale, control of the supramolecular
assembly appears to be a really powerful and eﬃcient approach.
Emulsions: — Emulsions of water droplets in oil phase provide conﬁned volumes
which can be quickly prepared. For example, one article reports single enzyme ac-
tivity within small water droplets [40]. The enzymatic reaction was initiated by
simply mixing the aqueous and oil phase before introducing it in a microchamber
above a ﬂuorescence microscope. Even if the size of the droplets can not be con-
trolled, this system allowed probing simultaneously single enzyme reactions within
a signiﬁcant number of droplets. Several other biochemical reaction systems were
developed based on emulsion technology. For example, cell-free protein synthe-
sis [41] was performed within water in oil emulsion compartments. The results show
however exchange of content among the diﬀerently loaded water droplets in a non-
controled unspeciﬁc manner. One more complex double emulsion system was also
used as cell-like compartments [42]. Gene expression was performed inside these
containers which produced enzymes and thus transformed the co-encapsulated sub-
strate in a ﬂuorescent product. A ﬂuorescence-activated cell sorting (FACS) system
could be applied to sort these microcompartments. This technology demonstrates
a potential application for high-throughput screening of gene and enzyme activ-
ity. In order to produce emulsions of better deﬁned size and polydispersity a few
groups have employed microﬂuidic systems. They produced other single water in oil
emulsions [43], [44] or more complex double emulsion [45] structures.
With a similar idea, small arrayed water droplets were deposited on a solid sup-
port using a bouble-barrel pipet [46]. For the objective to perform single biomolec-
ular reactions, these techniques are attractive since they allow to control the en-
capsulated concentration solution thus the number of incorporated molecule in each
droplet. In addition they also provide precursors for lipid or polymer vesicles with
deﬁned encapsulated solution. Other possibilities to manipulate within emulsion
single water droplets are microburet injection [47] or optical tweezers [48].
Capsules: — In addition to lipid vesicles and emulsions, polyelectrolyte capsules
provide mechanically resistant containers. Caruso et al. [49] developed an interesting
strategy to produce hollow sphere polyeletrolyte capsules from colloidal templates.
Starting from a latex bead, several layers of polyelectrolyte were deposited on the
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Figure 1.4: Steady-state drop formation mechanisms that result in
monodisperse double emulsions with a single internal droplet. Figure
taken from Utada et al. [45].
bead which was removed by dissolution, yielding in a hollow polyelectrolyte cap-
sule. These capsules were functionalized by insertion of gold nanoparticles [50] and
permitted fast controlled release of their contents by short IR laser pulse. They
were also metallized [51] by reduction of encapsulated silver through photoirradi-
ation. These polelectrolyte capsules have the advantage to exhibit a narrow size
distribution and thus a controlled number of loaded molecules. An alternative way
to produce capsules was presented by Dinsmore et al. [52]. They created a novel
type of capsules so-called colloidosomes formed by the self-assembly of colloids in
spherical structures, the diameter of the assembled colloids deﬁned the gaps left in
between them and hence the permeability of the colloidosomes.
Polymer vesicles represent another important kind of container. They were
produced by amphiphilic block-copolymers whose hydrophobic parts aggregates
spontaneously in water to generate soft hollow vesicles. Graﬀ et al. [53] demon-
strated the incorporation of lamB transmembrane protein which provided a binding
region for virus-assisted DNA loading. These kinds of polymeric structures could
also be stabilized by polymerization [54] once the membrane is formed.
Micro-fabrication: — Microfabrication provides interesting devices for (bio)-
chemical reaction conﬁnement and sensitive high-throughput systems. The most
relevant example was demonstrated by Rondolez et al. [55] where arrays of fem-
toliter chambers were produced in soft PDMS layers. Under pressure these layers
attached tightly on glass surfaces and enclosed an enzyme-substrate solution. By
adjusting the enzyme concentration in solution, the immobilized PDMS layer pro-
vided arrays of femtoliter chambers where single enzyme reactions took place. Once
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the PDMS layers are fabricated, this system allows fast, simple and applicable for
parallel analysis. Similarly, single enzyme assays were performed on sealed femtoliter
chambers of an etched optical ﬁber surface [56]. Also working with small chambers
arrays, Rindzevicius et al. [57] demonstrated that a single 60 nm hole can be used to
detect successive molecular adsorption process near the metal surface. For genome
sequencing, a highly parallel system was presented [58] using microfabricated picol-
iter reactors. Single strand of DNA bound to beads were ampliﬁed within emulsion
droplets and then sequenced within the small wells of a ﬁbre-optic slide.
Figure 1.5: Detection of the activity of single β-galactosidase
molecules.(a) Fluorescent images of the activity in the chambers. (b) Continuous
recording of β-Gal activity. (d) By pressing the PDMS sheet with glass needle,
successive opening/closing rounds could be performed, allowing the exchange of
the content of each chamber. Taken from Rondelez et al. [55].
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1.2 Scope of the thesis
The aim of the research project presented here is to create an innovative system of
ultrasmall containers to analyze synchronically (bio-) chemical reactions. With this
system, individual reactors should be identiﬁable in order to monitor the conﬁned
reaction and compare it to the other reactors. This objective needs to develop a
strategy to trigger the reaction at the same time for each reactor. The reactors
are reduced to the micrometer range to provide a spatial environment as found in
biological cells.
The goal is thus to join several possibilities and functionalities in order to
create an unprecedented system with could study single (bio-)chemical conﬁned re-
actions in a parallel manner.
To reach the mentioned objectives, we chose lipid vesicles as containers for
several reasons:
1. They mimic cell membranes, thus they are biologically relevant.
2. The self-assembly production processes allow to control their size to a certain
extent.
3. They are composed of commercially available lipids with many diﬀerent proper-
ties including ﬂuorescence labels and tags for immobilization on glass surfaces.
4. The permeability of their membrane can be controlled by temperature, which
represents a major advantage to trigger the reaction in a parallel manner.
The following chapter will describe in details the strategy developed to exploit the
properties of lipid vesicles to use them as ultrasmall controllable reactors.




Over 30 years ago, Papahadjopoulos [59] observed that ion permeability through a
lipid bilayer membrane showed an peak as the lipid membrane went through its gel-
to-liquid phase transition. This phase transition is speciﬁc to the lipid identity, which
mainly on acyl chain length and the degree of unsaturation of the lipid hydrocarbon
chains, as well as on the type of the lipid headgroup. At this transition, gel and liquid
phases coexist, creating interfacial tension between lipids with large incompatibilities
in molecular packing and hydrophobic matching [60]. To explain this increased
permeability, a number of groups have developed models and theories based on two
principal hypotheses.
The ﬁrst hypothesis relates the increase in permeability to the increased in
lateral compressibility of the membrane at the phase transition [61, 62]. Measure-
ments with the micropipet technique of the elastic area compressibility of DMPC
giant vesicles at the lipid phase transition region [63] indicates that the membrane is
highly compressible during the transition. Density ﬂuctuations in the bilayer open
up cavities in the hydrophilic headgroup region that allow ions to enter and then
permeate through the bilayer [61].
The second hypothesis is based on the microstructural level and relates the
permeability increase to the formation of leaky interfacial regions appearing at mi-
crograin boundaries between gel and liquid domains at the transition [60,64–66].
As recently noted by Needham [67], the two views can combined: compress-
ibility could indeed be extremely high at melting grain boundaries, allowing for high
density ﬂuctuations particularly in these regions.
13
14 Chapter 2. Concept
2.2 Concept of the nanoreactor system
2.2.1 General idea
The general strategy developed in this thesis to mix reactants inside a single large
unilamellar vesicle (LUV) employs thermotropic permeability changes of lipid bi-
layers to polar solutes. As illustrated conceptually in ﬁgure 2.1, we create a nested
system of diﬀerent lipid vesicles with diﬀerent lipid phase transition temperatures
(Tt). This enables us to deﬁne conditions under which small unilamellar vesicles
(SUVs), trapped in the interior of a LUV, release their cargo that is subsequently
conﬁned and mixed in the interior of the LUV. To monitor the function of the reactor
systems on an individual basis but in a parallel manner, the LUVs are immobilized






Figure 2.1: Principle of temperature-induced release and mixing of wa-
ter soluble molecules in the interior of an immobilized vesicular reactor.
(A) A large unilamellar vesicle (LUV) contains small unilamellar vesicles (SUVs)
that are loaded with water soluble reactants (high concentration of CF, quenched
ﬂuorescence (dark green)). The LUV is immobilized via a biotin-PEG-lipid to a
neutravidin covered glass surface. (B) Increasing the temperature (ΔT) through
the ordered-ﬂuid lipid phase transition of the SUVs results in the release (arrows)
of their cargo, which is subsequently conﬁned and mixed inside the LUV (dilution
of CF, ﬂuorescence increase (intense green)).
2.2.2 Choice of lipids
The SUVs are typically composed of negatively charged lipids, for example a 9:1 mix-
ture of DPPC and DPPG. They show low permeability for polar molecules below
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and above 41 ◦C (the Tt of both lipids [68,69]) allowing their convenient manipula-
tion and storage at room temperature. Reactors stored for up to one week showed
content-release properties identical to those of freshly made reactors. The presence
of negatively charged lipids in the bilayer of the SUVs and the LUVs is a precaution
against leakage. The resulting electrostatic repulsion keeps the SUVs suspended in
the LUV suppressing interactions between themselves or the walls of the reactor
that could cause uncontrolled aggregation. The lipids of the LUVs have a Tt of
-18 ◦C ensuring eﬃcient conﬁnement of the released polar solutes throughout the
investigated temperature range. Fluorescent lipids such as TRITC-DHPE (ﬁgure
2.2 can be incorporated into the lipid bilayers of LUVs in order to monitor of the
vesicles by ﬂuorescence microscopy. Figure 2.2 illustrates the chemical structures of











































































Figure 2.2: Lipids used for production of the diﬀerent vesicles. DPPG is
a saturated, negatively charged lipid for SUVs. DMPC is a saturated, neutral lipid
for SUVs. Biotin-PEG-lipid is the functionalized PEG lipid for immobilization of
LUVs. TRITC-DHPE is a ﬂuorescent lipid for monitoring LUVs.
Immobilization of the LUVs is of major importance for long-lasting data ac-
quisition. Biotin-PEG-lipids inserted in the membrane of the LUVs ensure their
immobilization [22,70] on microscope glass slides covered with streptavidin, neutra-
vidin or avidin (ﬁgure 2.3). The long PEG spacers [71] between the lipid and the
16 Chapter 2. Concept
biotin serve as elastic buﬀer of the LUVs to avoid destabilization or destruction on
the solid support.
2.3 Production of the nanoreactors
2.3.1 Production of small vesicles
There are diﬀerent possibilities to produce vesicles with diﬀerent lamellar and size
properties. In order to reach a controlled and eﬃcient release of cargo, the vesicles
should be unilamellar and not too small in order to contain a suﬃcient amount of
reactants. Thus, the extrusion technique [72–74] is used to produce SUVs.
The lipids, typically, DPPC and DPPG (9:1), are dissolved and mixed in
chloroform. The solvent is then evaporated under vacuum yielding a dry lipid ﬁlm
on the wall of the glass vessel. The lipid ﬁlm is then hydrated with the desired
aqueous solution: high or low concentration of ﬂuorescent dyes, enzymatic substrate
or ions. This solution is buﬀered with Tris-HCl 10 mM at a pH 7.0 to control
the ﬂuorescent properties of the encapsulated reactants. When heated above the
Tt, the solution becomes turbid which reveals the presence of multilamellar, large
vesicles. Freeze-thaw cycles [75] are applied to the turbid solution to enhance the
entrapment eﬃciency. The vesicle dispersion is then extruded with nitrogen pressure
more than ﬁve times through polycarbonate ﬁlters with 400 nm sized pores. Proved
by NMR, light-scattering and electron microscopy [73, 74], the extrusion produces
mainly unilamellar vesicles with a diameter of around 210 nm.
2.3.2 Puriﬁcation of the SUVs
After extrusion, the dispersion of SUVs is cooled below the lipid pase transition
temperature Tt, and non-encapsulated reactants are then removed by size-exclusion
chromatography [68]. The puriﬁed vesicle solution should not pass through any
phase transitions. For example, DPPC or DPPG vesicles, can be puriﬁed and stored
at room temperature because their Tt is at 41 ◦C, but SUVs of DMPC or DMPG
are puriﬁed and stored at 5 ◦C because their Tt of 23◦C is close to room tempera-
ture. The vesicles are sensible to osmotic pressure [76], but also to mechanical stress.
The eluant solution is then prepared carefully, using sorbitol, sucrose or potassium
chloride to compensate the osmotic pressure due to the encapsulated solution. For
example, when the SUVs are loaded with 50 mM carboxyﬂuorescein (CF), the os-
motic pressure is measured to be ∼0.128 osmol/kg and therefore the eluant solution
will contain 100 mM of sorbitol and 10 mM of KCl (osmotic pressure measured
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∼0.13 osmol/kg). The diﬀerence in size between the SUVs and the reactants is so
large that a column of around ten centimeters is suitable to purify the SUVs.
2.3.3 Production of large unilamellar vesicles
The puriﬁed SUVs are incorporated into LUVs at a temperature below their Tt
using either of two techniques described in the mentioned articles: the hydration
method [77,78] or electro-swelling [79,80]. In each case, DOPG, 0.3 - 1% (weight %)
biotin-PEG-lipid and if needed 0.2 - 1% of ﬂuorescent lipid are mixed in chloroform
solution.
For the hydration method, a lipid ﬁlm is formed on a teﬂon vessel by solvent
evaporation. This ﬁlm is then hydrated with 2 ml of a solution of SUVs and incu-
bated for 2 days. The SUVs will spontaneously incorporate inside the LUVs. The
incorporation eﬃciency is good as demonstrated in chapter 6. The mechanism of
incorporation of such large objects is not known, but on the basis of observations
made during LUV formation one can provide the following hypothesis. The lipid
ﬁlm is quickly hydrated, resulting in stacks of planar lipid bilayers, separated by
nanometer-sized water ﬁlms. By incubating these multilamellar lipid systems with
a dispersion of SUVs, the vesicles may sediment on top of the multilayers. Finally
the SUVs are enclosed in the LUVs when the solution is aspirated by the pipette.
For the electro-swelling method, the lipid ﬁlm is created on two electrically
conductive Indium-Tin Oxide (ITO) glass surfaces. Then the ﬁlm is hydrated with
1 ml solution of SUVs between the two ITO glass slide separated with a PDMS
spacer. To swell the ﬁlm, a alternating electrical potential (1.2V, 10Hz) between the
two surfaces is applied during 4 to 5 hours. In order to detach the created LUVs
from the glass surface, additional electrical potential is applied (2.0V, 4Hz) during
1 hour.
We observed during several experiments, that it is necessary to ﬁrst remove
the non -incorporated SUVs by micro-ﬁltration using polycarbonate ﬁlters (pores
diameters from 0.8 to 3μm), in order to be able to immobilize the LUVs on the
microscope glass slide. After this puriﬁcation step, the two diﬀerent methods used
to produce LUVs give very similar results in term of size distribution and fraction of
unilamellar large vesicles. The electro-swelling method is faster, but the hydration
method gives a larger volume of vesicles formed which is practically easier to handle
during the ﬁltration process.
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2.4 Immobilization strategies
The major challenge for an eﬃcient reactor immobilization is to ﬁnd a balance be-
tween too strong adhesion which may disrupt the LUVs on the surface and too
weak interaction which could be insuﬃcient for long-time monitoring. As already
described, biotin-PEG-lipids give a certain restricted mobility and elasticity and
the strength of the interaction can be modulated by the electrostatic interaction
between the charge of LUVs bilayer and the protein adsorbed on the glass surface.
Three diﬀerent proteins having almost the same binding properties and speciﬁcity
to biotin can be chosen; avidin, neutravidin or streptavidin which have diﬀerent
isoelectric points: (10.5, 7.0, 5 respectively). Those proteins are adsorbed on the
microscope glass slide by chemisorption which requires very clean glass surfaces for
reproducibility and preservation of the protein activity. It is particularly important
to remove the hydrophobic molecules with several cycles (around three to ﬁve) of
sonication with strong detergent (Helmanex) solution, rinsing and sonication with
ethanol. The cleaned slides can be stored in methanol which is removed with nitro-
gen ﬂux just before the adsorption of the proteins. In addition, it is also possible
to activate the glass surface with oxygen plasma just before use which increases the
hydrophillicity and could improve the adsorption (improvement not analyzed).
The most important practical problem which can prevent immobilization of
the reactors, is the presence of none incorporated SUVs which can rapidly diﬀuse to
the surface and shield the binding sites of streptavidin on the adsorbed proteins. The
non-incorporated SUVs can be removed to a certain extent by micro-ﬁltration, but
this puriﬁcation process destabilizes mechanically the LUVs probably by interaction
with the ﬁlters used. Thus, if the initial concentration of SUVs needs to be high,
another strategy is required. Here, the idea is to reduce the non-speciﬁc interaction
between the SUVs and the proteins by using BSA, BSA-biotin [70] or a mixture of
BSA and BSA-biotin. Then, as illustrated in ﬁgure 2.3, the adsorbed BSA-biotin
need to be covered by avidin, neutravidin or streptavidin. In addition, charged SUVs
can be slightly repulsed electrostatically by adsorbing a protein with the same charge
and/or using neutral lipids for the LUVs.
In order to accelerate the sedimentation of the LUVs to the glass surface, a
density gradient can be created using diﬀerent sugars. Here, the idea is to produce
the LUVs in a high density solution (sucrose 100 mM) and just before immobilization
add them in an equimolar concentration of a lower density carbohydrate (glucose
100 mM). This diﬀerence in density between the LUVs and their external solution
reduces the time needed to get the LUVs in close proximity of the binding proteins










Figure 2.3: Illustration of diﬀerent immobilization strategies. (A) strepta-
vidin adsorbed on the glass binds the biotin-PEG-lipids incorporated in the LUVs’
bilayer. (B) Too many non-incorporated SUVs free in solution shield the bind to
streptavidin and thereby prevent immobilization of LUVs. (C) BSA-biotin or (D) a
mixture of BSA / BSA-biotin reduces the non-speciﬁc interaction of the free SUVs
with the surface which increases the accessibility to the protein; the immobilization
is more eﬃcient.
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but can not replace the strong interactions needed to immobilize the LUVs on the
surface.
2.5 Temperature control
2.5.1 Design and performance
The thermotropic release of reactants in integrated nanoreactor requires precise
measurement and control of the temperature of the sample. A conventional water-
circulating thermostat has high inertia for fast temperature change. That is the
reason why a computer controlled device has been developed and adapted to a mi-
croscope table. As shown in ﬁgure 2.4, the temperature is directly measured in
the solution with a small thermocouple. This temperature is communicated to the
computer which regulates two Peltier elements to reach the desired temperature.
Two Peltier elements (in gold on the picture, on both sides of the microscope slide)
transfer the heat with an immersed silver ring (on the picture: in the center of
the slide). One face of the two peltier elements is maintained at a ﬁxed tempera-
ture with a copper ring in which water is connected to a thermostatic bath. The
thermocouple placed directly inside the solution and close to the surface where the
LUVs are immobilized is small (few millimeters) to increase its response time. The
temperature accuracy depends on the thermometer used (DES 1303 thermometer,
precision 0.1◦C) and its reading value is, in addition, averaged ten times within one
second by the computer.
The temperature controller is optimized to small (1ml) aqueous volumes. The
Peltier elements permit to heat and cool this volume and thus rapidly control its
temperature. As demonstrated in the ﬁgure 2.5A, the device responds just within
10 seconds and reaches the desired temperature after only 1 minute. As illustrated
in ﬁgure 2.5B, a deﬁned ramp of ΔT/Δt can be applied.
Figure 2.6 shows details of the developed interface (labview) which permits to
choose between three diﬀerent main modes to control the temperature. One mode
oﬀers the possibility for a certain value of temperature (Tc) to be reached as fast
as possible and maintain it during the time needed. To do that, the setup was
ﬁrst calibrated to give the polynomial relation between the potential applied to the
peltier elements and the temperature measured after the system has reached its
steady state. The calibration curve is a function of the temperature chosen at the
connected thermostat bath. The steady state is reached only after several tenths
of minutes. To accelerate this process a so-called proportional term is added which
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Figure 2.4: Picture of the home-made temperature controller. The tem-
perature is adjusted by two computer controlled Peltier elements which transfers
heat into the solution via a silver ring. One side of these Peltier elements is held
at arbitrary temperature by a copper ring connected to a water bath. The local
temperature in the sample compartment is measured with a small thermocouple








































































 App PotentialA B
Figure 2.5: Performance of the temperature controller installed on the
microscope table. (A) Rapid (10 seconds) temperature response of sample solu-
tion. (B) demonstration of cooling, heating or following a ramp ΔT/Δt.
22 Chapter 2. Concept
generates a tension proportional to the error (ek) between the desired temperature
and the actual measured temperature according to a constant (KR) chosen in the
stability limit. This proportional term not only accelerates the process but also
increases the stability in correcting each time the measured temperature deviates
from the desired one.
A second mode gives the possibility to follow a ramp p = ΔT/Δt starting at
a certain temperature (Tc). This mode also needs a calibration curve to convert
the temperature needed in a applied tension as mentioned above. The ramp mode
oﬀers the possibility to ﬁrst jump to a certain temperature Tc and than apply a
ramp which can be useful to accelerate the acquisition time.
Another simpler and fast mode is not based on the calibration curve but
controls the Peltier elements only with the desired tension. That can be useful
to cool down rapidly after a ramp, or variate around a certain temperature like
oscillating around the temperature of phase transition for example.
K0 = -1.925 
K1 = 0.076
K2 = 0.000099 
K3 = -0.000002
Nk = KR.ek
 + K0 + K1 Tc
   + K2 Tc2
   + K3 Tc3
Tc = Tc0
  + p.k
Nk = K0 
   + K1 Tc
   + K2 Tc2
   + K3 Tc3
Nk = variable
Figure 2.6: Details of the interface developed to control the tempera-
ture. Diﬀerent possibilities to control the Peltier elements which transfer the heat
produced or absorbed. Three main diﬀerent ways to interact, either by presetting
a certain temperature to regulate and maintain, or by giving an order to follow a
ramp of temperature with a certain slope or just by applying a certain tension to
the Peltier elements which will generate a temperature jump (up or down).
The device is eﬃcient, precise and well adapted to control the temperature of
the sample volume, but a practical problem is related to the diﬀerence in temperature
between this special slide holder and the optical parts of the microscope. The
temperature diﬀerence will cause a permanent de-focalization during heating or
cooling. For the moment, the focalization is adapted manually and is the major
origin of imprecisions during data acquisition with the confocal microscope but also
with wide-ﬁeld microscope. By using an non-immersed objective, this problem is
reduced but the images obtained have less resolution.
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2.6 Conclusion
This chapter gave an overview of the concept and described the methodology to
produce the diﬀerent nanoreactor systems. The SUVs are produced by extrusion
through membrane with pores of 100 or 400 nm. The LUVs are produced more
often by the hydration method yielding 2 ml of vesicle solution which is more easy
to handle than the electro-swelling method. The immobilization of the reactors is
obtained by interaction with biotin-PEG-lipids incorporated in the vesicle bilayer
and adsorbed streptavidin or neutravidin. The SUVs non-incorporated need to be
removed by micro-ﬁltration for an eﬃcient immobilization.
The temperature of the vesicle solution is controlled during microscopy mea-
surements with a home-build controller composed of two Peltier elements. This
temperature controller is optimized for small (1ml) sample solution and permits
fast temperature changes.
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Chapter 3
Release of One Dye
This chapter provides the proof of principle of the concept described in chapter 2.
Before triggering conﬁned enzymatic reactions, we ﬁrst demonstrate the feasibility
of mixing reactants inside LUVs. For that purpose, a speciﬁc so-called ﬂuorescence
de-quenching method is applied to the nested vesicle system.
3.1 Material and methods
The ﬂuorescence of carboxyﬂuorescein (CF) is strongly quenched at high concen-
tration. As reported in ﬁgure 3.1A ﬂuorescence intensity decreases almost linearly
when the concentration increases above 4 mM. This property is used to demon-
strate the dilution of highly concentrated CF from SUVs into the lumen of LUVs.
Remaining disadvantages are that CF is rapidly destructed by photo-bleaching and
that ﬂuorescence quenching increases with temperature. For example heating (27◦C
to 59◦C) or cooling CF solutions decreases the ﬂuorescence intensity around 10%
(Figure 3.1B. The concentration induced quenching stems from the formation of
non-ﬂuorescent dimers due to homo-FRET as studied in detail in [81]. Because the
ﬂuorescence properties of CF strongly depend on the pH [82] of the solution, the
aqueous solution in the present work is always buﬀered at to pH 7.0 generally with
Tris-HCl. The well-known photo-bleaching eﬀect [83] was not characterized in detail
here.
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Figure 3.1: Fluorescence intensity of carboxyﬂuorescein as function of
concentration (A) and temperature (B) (25mM CF in Tris-HCl 10 mM
pH 7.0).
3.2 Release of CF from SUVs in solution
3.2.1 Temperature dependence of permeability of SUVs
The permeability properties of SUVs were analyzed in solution since this property
will be of major importance to realize the proposed concept. The permeability
should be high at a certain temperature in order to release enough reactants at a
predeﬁned temperature. As illustrated in ﬁgure 3.2A the ﬂuorescence intensity of
DPPC-DPPG (9:1) SUVs loaded with 25 mM of CF are measured in a ﬂuorimeter
over time as the solution is heated. The temperature scan demonstrates a maximal
increase of ﬂuorescence intensity at 41◦C, which corresponds to the main phase
transition temperature Tt of DPPC-DPPG. At Tt, 50% of the lipid molecules are
in so called gel phase and 50% of them are the in so-called liquid-crystalline phase.
The increase in permeability is well known and due to the mismatching between the
lipids in diﬀerent phases ( [84] and chapter2).
The calorimetric properties of the same (DPPC-DPPG 9:1, loaded with 25
mM of CF in 10 mM Tris-HCl) SUVs preparation is reported in ﬁgure 3.2B. The
data are obtained by diﬀerential scanning calorimetry (DSC) which gives informa-
tions about the thermodynamics of lipid membranes. In a DSC, a sample (SUVs
dispersion) and inert reference (buﬀer) are heated independently to maintain an
identical temperature in each. This technique measures the heat needed for the en-
dothermic gel-to-liquid crystalline bilayer transition, for example, required in excess
over the heat required to maintain the same temperature in the reference.
A heat capacity peak is observed at 41.8◦C which is close to 41◦C for pure
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DPPC, begins at 38◦C and is quite broad (2◦C at half peak height). This breadth
is caused from the lipid mixture (DPPC and DPPG) ( [84]; The same acyl chains
are mixed ideally together but the diﬀerence in polar head groups could induce
thermodynamic perturbations due to (electrostatic-) interactions between diﬀerent
lipids. A closer analysis of the SUVs permeability 3.2A exhibits a maximum intensity
increase before this phase transition temperature Tt. The reason could come from
the broadness of the transition caused which implies a large proportion of lipids in

























































Figure 3.2: Behavior of SUVs loaded with high concentration (25mM)
of CF exposed to temperature change of 35 ◦C/60min. (A) Time course of
ﬂuorescence intensity of CF entrapped in DPPC-DPPG (9:1)(5 mg lipids/ml) 210
nm sized SUVs in buﬀered (Tris-HCl 10 mM pH 7.0) solution. The ﬂuorescence
intensity increase is maximal at Tt = 41 ◦C. This ﬂuorescence increase is due
to the de-quenching of the CF released into the bulk. (B) Diﬀerential scanning
calorimetry (DSC) of the same sample in the same buﬀer solution yielded a lipid
phase transition at 41.8 ◦C and a width of 2 ◦C at half peak height.
3.2.2 Analysis of diﬀerent SUVs
Diﬀerent SUVs were tested composed of diﬀerent lipids, buﬀer, extrusion pore sizes.
The table 3.1 summarizes the relative ﬂuorescence intensity changes ΔI/I induced
by the lipid phase transition of diﬀerent vesicle preparations. From this table, two
main conclusions can be drawn for the rest of this work. (i) Larger SUVs (extruded)
give a higher response, probably due to the higher amount of molecules entrapped.
(ii) Thinner bilayers like DMPC compared to DPPC have larger permeability as
observed also by others [68]. But DMPC is practically more diﬃcult to handle due
to its Tt really close to room temperature. This lipid will be used later but only in
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one speciﬁc case.
Table 3.1: Release of CF from SUVs in solution. 5 mg lipids/ml, 25 mM
CF, ex. 480 nm, em 520 nm, slits 1.0 nm with gray ﬁlter, 1 × 1 cm2 quartz cuvette.
Data obtained with a SPEX ﬂuorimeter
Type of vesicle Lipid used Buﬀer Intensity increase ΔI/Imax
Sonicated ∼50nm DPPC PBS 13
Sonicated ∼50nm DMPC PBS 26
Extruded ∼250nm DPPC PBS 35
Extruded ∼250nm DPPC Tris-HCl 62
Extruded ∼250nm DPPC Tris-HCl, sorbitol 100 mM 63
3.3 Data treatment of time series of images of LUVs
To measure the release of FC from SUVs encapsulated in LUVs, it is necessary to
monitor and localize the ﬂuorescent intensity with microscopic techniques. The con-
focal microscope is chosen because it enables to visualize a planar cross-section of
controlled optical thickness. This oﬀers the advantage to analyze only those vesicles
which are immobilized on the glass slide surface. This excludes any ﬂuorescence
which arises from moving vesicles in the bulk solution.
To analyze the time series of the microscopic images, two major procedures
are used here. (i) The ﬁrst one determines, with the software provided with the
Zeiss Confocor microscope, the average intensity inside a speciﬁc area of interest.
As shown in ﬁgure 3.3A on the right-hand-side, in the case of a spherical vesicle, a
circular area is drawn deﬁning the region of interest; the software then calculates the
average ﬂuorescence intensity in this area. For time series, these average intensities
are reported in table 3.3A. (ii) The second procedure, determines automatically
regions with intensity above a chosen threshold (ﬁgure3.3B). In that way, each area
(representing LUVs) is highlighted from the background and the tracking software
(Imaris from Bitplane AG) calculates automatically the ﬂuorescent characteristics
for all those surfaces at same time and for each time point.
The major advantages of the second automated procedure is the ability to
quickly analyze a high number of LUVs present in the focus and an additional
possibility enables to track the area in the X and Y directions, which is important
when the variation of temperature creates a displacement of the surface supporting
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the LUVs. In the case of time series showing a ﬂuorescence intensity increase,
the threshold (constant for each time points) should be carefully chosen. A too
high threshold will eliminate weak intense LUVs at early time points, and too low
threshold will generate overlapping of LUVs close to each other. The ﬁrst procedure
is not dependent on any threshold and gives the intensity in the chosen area; but
when the LUVs are moving, this area needs to be manually repositioned during
time. This disadvantage makes the ﬁrst procedure very laborious for analyzing














Figure 3.3: Two diﬀerent possibilities to analyze the time series of im-
ages of LUVs taken with the confocal microscope. (A) Average ﬂuorescence
intensity calculated over a deﬁned area (white circle manually positioned and ad-
justed) using the Zeiss Confocor image treatment software. (B) Tracking analysis
with the Imaris software. Each region with an intensity higher than a chosen
threshold is tracked during all time points. This ﬁgure shows the automatically
selected regions on the image at the beginning (t0) and the tracked displacement
with time (blue color at t0 to yellow color at last time point).
3.4 Results and discussion
To evaluate the feasibility of the concept (release cargo from SUVs into LUV), SUVs
loaded with high concentration of CF and already characterized in solution are in-
corporated inside LUVs. The results are presented in the following ﬁgures. First
ﬂuorescence confocal microscopy in ﬁgure reveal a low average ﬂuorescence inten-
sity per immobilized LUV originating from diﬀusing CF-loaded SUVs (ﬁgure 3.4A).
Thermotropic release and subsequent dilution of CF into the LUVs reduces self-
quenching and increases ﬂuorescence, (Figure 3.4B). This ﬁgure demonstrates that
the quality of confocal microscopy images is well adapted to analyze and monitor
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the release processes occurring in the lumen of LUVs.
A B
Figure 3.4: Principle of temperature-induced release and mixing of wa-
tersoluble molecules in the interior of immobilized LUV reactors. (A)
Confocal ﬂuorescence microscopy (LSM 510, Zeiss) of LUVs immobilized on glass.
At a concentration of 50 mM, the ﬂuorescence intensity of carboxyﬂuorescein (CF)
inside the SUVs is low due to self-quenching. Here, intensity was digitally en-
hanced to enable vesicle visualization. Inset: higher magniﬁcation of a LUV allows
identiﬁcation of SUVs (white arrows). (B) Increase of the temperature from 25
to 45 ◦C causes release of the dye, which is then diluted. This is monitored as a
sharp increase in the ﬂuorescence intensity of all LUVs under observation. Inset:
increase of ﬂuorescence is uniform over the whole vesicle. All scale bars are 5 μm.
From a time series of these images at diﬀerent temperatures a detailed analysis
was extracted and is presented in ﬁgure 3.5. Figure 3.5 A depicts a typical ﬂuores-
cence intensity scan across a single 2 μm diameter vesicle (total volume 4 fL). Figure
3.5 B shows the time course of ﬂuorescence intensity for two diﬀerent reactors (2
and 10 μm diameters) whose intensity increases 2.5 fold during a temperature scan
through the ordered-ﬂuid phase transition of the SUVs. The increase of the mean
ﬂuorescence is maximal at 41 ◦C, the Tt of the SUVs. The temperature dependance
of the ﬂuorescence intensity revealed a transition width of 3 ◦C and a half time of
release of ∼1 min. Despite the tendency of CF to decrease its ﬂuorescence with
temperature by dynamic quenching and with time by photo-bleaching (explained in
the previous section), these results prove that the self-quenched dye is released from
the loaded SUVs at Tt but remains conﬁned in the interior of the larger vesicle. As
shown by the stable baseline in ﬁgure 3.5 A, and a constant intensity after release
for a least 4 minutes in ﬁgure 3.5 B, all the released compounds are retained in the
reactor.
















































Figure 3.5: Thermotropic phase transition-induced release of CF inside
LUVs. The values of both graphs were extracted from ﬂuorescence confocal mi-
croscopy images. (A) Fluorescence intensity proﬁle across a 2 μm diameter LUV
at 25 ◦C (grey) and after an increase of the temperature to 45 ◦C (black), 4 ◦C
above the phase transition temperature of the lipid bilayer. (B) Time course of the
increase of the mean ﬂuorescence intensities of two single LUVs during a continu-
ous temperature scan (1.5 ◦C/min). The point of inﬂection is very close to the Tt
= 41 ◦C of the SUVs. During the temperature scan, the confocal plane had to be
manually adjusted to compensate for the thermal expansion of the sample holder.
Proper alignment is more critical for the 2 μm vesicle than for the 10 μm vesicle,
resulting in an increase of experimental noise.
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3.5 Statistical results
For a speciﬁc application of the system developed here, for example statistical char-
acterization of the activity if a small number of conﬁned enzymes in compartments
similar to biological cells, one would like to obtain small variation in the ﬁnal con-
centration of released reactants. This variation in concentration of the released
compound can be related to the variation of ﬂuorescence intensity per individual
LUV. This was analyzed for about 300 LUVs by calculating histograms of mean
intensity per LUV before and after release as depicted in ﬁgure 3.6.
The histogram depicted in ﬁgure 3.6 is obtained as follow. From images with
a good resolution (1024×1024 pixels) the mean ﬂuorescence intensity of every LUV
is reported before and after CF release within diﬀerent images. The identity of the
LUVs is not taken into account. The number of LUVs analyzed before release is less
than the number of LUVs after release. This diﬀerence results from LUVs originally
diﬀusing in the bulk solution becoming immobilized on the surface after the heating
process. Priority is given to evaluate a maximal number of LUVs in order to have
suﬃcient data for each histogram.
For comparison, the variation of the ﬂuorescence increase between identical
vesicles is shown in the insert of ﬁgure 3.6 for 61 identiﬁed LUVs. The major result
of this statistical analysis is that the intensity has a standard variation between each
individual LUVs of 62% before heating and 66% after heating with a ﬂuorescence
increase factor per reactor of f = 2.3. This factor f and its variation is a direct
measure of the dilution ratio and depends mainly on (i) the number of encapsulated
SUVs and (ii) the reproducibility of the release process eﬃciency. The standard
variation of 62% before release comes certainly from a diﬀerence in the number of
loaded SUVs per large vesicle, which, at the moment, is limiting the performance of
the device.
From a calibration curve (ﬂuorescence intensity of CF versus concentration),
a 10fold dilution leads to a 2.3 fold ﬂuorescence increase. These results enable to
evaluate the average number of SUVs per LUV. In order to reach a tenfold dilution,
the number of SUVs per LUV must be VLUV 2μm /(10 · VSUV 210nm) = 70, which
corresponds to a concentration of 18 SUVs/fL.
3.6 Analysis at low SUVs concentration
At certain condition, when the number of SUVs incorporated in LUVs is low, the
dilution of CF is too high which results in a constant average intensity over the
































Figure 3.6: Histogram of mean ﬂuorescence intensity per LUV before
and after heating. The histogram in black represents the mean intensity for
about three hundred LUVs before heating. The histogram in gray reports the
mean intensity which increases after heating by release and dilution. The average
intensity is calculated; 600 [a.u.] with 62% of standard deviation before and 1392
[a.u.] 66% of standard deviation after release, which corresponds to a ﬂuorescence
intensity increase by a factor of f=2.3. The inset reports a histogram of the gain
factor (mean intensity after divided by mean intensity before) of 61 LUVs analyzed
individually by the tracking method. This analysis gives an average gain of 2.25
[a.u] with 57% of standard deviation which is close two the none-tracking method
presented above.
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entire LUV. In that speciﬁc case, the release of reactants can not be measured in
the same way as presented previously by reporting the mean intensity. As shown in
ﬁgure 3.7 (A) and (B), before release (at time 9.2 min) the confocal images reveal
the presence of bright SUVs which give an heterogenous intensity inside the LUVs.
After release (at time 16.6 min) the ﬂuorescent molecules are no longer retained in
the SUVs but diﬀuse in the lumen of the LUVs and give a more homogenous distri-
bution of intensity. Under this speciﬁc condition, the release can be demonstrated
quantitatively by building histograms of ﬂuorescence intensity at diﬀerent times as
shown in ﬁgure 3.7 (C) and (D). Before the release, the heterogeneity give two pop-
ulations; one sharp corresponding to the background between intensity 0 and 10
[a.u.] with around 145 counts and another wide distribution of counts correspond-
ing to the SUVs which cover all the possible intensities up to the maximum at 4096
[a.u.]. After release the histogram is more homogenous, the intensity between 0 and
10 [a.u.] reports only 8 counts and the second distribution of counts less extended
without any counts above 3000 [a.u.]
3.7 Optimization test
The group of Prof. D. Needham [67] has published a procedure to enhance the
permeability at the lipid phase transition of vesicles by incorporating in the bilayer
monoacyl chain lipids (MPPC: stucture depicted in ﬁgure 3.8B). They interpreted
this ﬁnding by the formation of pores stabilized by lysophospholipid molecules at
grain boundary regions within the lipid bilayer at the phase transition temperature.
This enhancement procedure was adapted and tested for SUVs in solution but also
inside LUVs; the results are illustrated in ﬁgure 3.8.
Figure 3.8 A shows that no substantial enhancement for SUVs (containing
MPPC; ΔI/IMAX = 70%) in solution was observed compared to previous results
(3.1 ΔI/IMAX = 63%). It also demonstrates that a release starts already at 35
◦C
which could prevent an eﬃcient trigger at Tt. The test with SUVs inside LUVs
shows that there is release without perceptible improvement compared to previous
results 3.8 (C). The confocal microscopies of ﬁgure 3.8 (C) and (D) exhibit a certain
shape deformation of the LUVs during heating. The deformation stems from the
presence of the monoacyl-chain lipid in the bilayer and in the surrounding solution.
According to the outcome of these experiments the we decided not to use MPPC
for the rest of the work.



























Figure 3.7: Temperature-induced release and mixing of CF in LUVs.
(A)+(B) Confocal ﬂuorescence microscopy of LUVs immobilized on a glass slide.
Compared to ﬁgure 3.4, the concentration of SUVs is here lower which yields
heterogenous spotlike intensity distribution inside the LUVs at time 9.2 min also
reﬂected by the intensity histogram in (C). After heating to 41◦C at time 16.6
min, the mean ﬂuorescence intensity remains almost constant but the interior of
the LUVs becomes more homogenous as demonstrated with the histogram (D).
Scale bar is 5 μm.











































Figure 3.8: Release enhancement by incorporating a monoacyl lipid
MPPC in the bilayer of SUVs. (A) Fluorescence time course of SUVs loaded
with 25 nM CF in buﬀered solution. DPPC:DPPG:MPPC:PEG-PE (9:1:1:0.4,
buﬀer solution: Tris-HCl 10mM + MPPC 2 μM, pH 7,0.) (B) Chemical struc-
ture of MPPC (1-Palmitoyl-2-Hydroxy-sn-Glycero-3-Phosphocholine). (C) Confo-
cal microscopy images of SUVs incorporated in a single LUV (DOPG:Biotin-PEG-
lipid:TRITC-DHPE 100:3:1) at diﬀerent times during temperature increase and




The results shown and discussed in this chapter demonstrate that it is possible to
release on-demand reactants in single ultra-small containers which could be exploited
in a parallel format without micro-manipulations. By applying the ﬂuorescence de-
quenching procedure combined with confocal microscopy, the release of reactants
was proved by an increase in ﬂuorescence intensity localized inside the immobilized
LUVs as the CF was diluted from SUVs. The impermeability of the container
was also observed as the intensity remains constant for several minutes. These
proofs are valuable as long as they are opposite to photo-bleaching and dynamic-
quenching. From results of hundreds of LUVs, the system demonstrates an ideal
release process but also a relatively high standard variation 62% between each LUV,
in the concentration of encapsulated SUVs which could limit its performance.




As presented in the introduction chapter, several articles have reported diﬀerent sys-
tems to perform enzymatic reactions in conﬁned volumes either in micro-fabricated
devices [56, 86], multiple emulsion droplets [40], in lipid networks [39, 87] or within
single vesicular reactors [88,89] using micromanipulation systems.
This chapter concentrates on the possibility to trigger enzymatic reactions in
multiple individual vesicular reactors of ultra-small volumes, down to femtoliters
(10−15 L). Using the nested vesicular system presented in the previous chapter,
enzymatic reaction kinetics were studied simultaneously in many diﬀerent LUVs.
Up to now, the eﬀect of conﬁnement on the enzyme activity compared to bulk
activity could not be quantiﬁed in detail due to technical limitations.
4.2 Materials and methods
4.2.1 Concept
The general concept is the same as outlined in chapter 2, with small variations.
Figure 4.1 illustrates the strategy and explains how a large lipid vesicle can act an
”integrated” reactor with all the reactants present in its interior. The SUVs loaded
with substrates are encapsulated together with the enzyme (black star) inside the
immobilized LUVs. Initially, the substrate (blue color) is isolated from the enzyme
inside the SUVs. The enzymatic reaction is initiated when the substrate is released
(gray arrow) from the SUVs into the LUV by shifting temperature, which ﬁnally
yields a ﬂuorescent product (green color).
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Confocal microscopy is used to localize the reactors immobilized on the glass
slide and to monitor the reaction. In order to monitor the enzymatic reaction by











Figure 4.1: Principle of temperature-induced substrate release and sub-
sequent enzymatic reaction in the lumen of an immobilized vesicular
reactor. SUVs loaded with a substrate are incorporated together with an enzyme
(black star) in LUVs. The enzymatic reaction is triggered inside the LUVs when
the substrate is released from the SUVs by a shift of temperature.
4.2.2 Enzyme substrates
Commercially available substrates and enzyme (alkaline phosphatase (PP2A) from
Amersham Bioscience) were chosen with particular attention for the excitation and
emission properties that need to match the characteristics of excitation laser lines
and emission ﬁlters of the microscope. The phosphatase substrates used are shown
in ﬁgures 4.2 and 4.3.
Fluorescein diphosphate (FDP, from Molecular Probes) is a derivative of ﬂuo-
rescein containing two phosphate groups eliminating electronic resonance, and thus
it is non-ﬂuorescent. FDP carries four negative charges at pH 7.0. As shown in
ﬁgure 4.2 The enzyme alkaline phosphatase interacts with this substrate and cleaves
its phosphate groups in two steps yielding the highly ﬂuorescent product ﬂuorescein
(excitation maximum at 480 nm, emission maximum at 520 nm).
The second phosphatase substrate used is 9H-(1,3-dichloro-9,9-dimethylacridin-






































Figure 4.2: Transformation of non ﬂuorescent substrate ﬂuorescein
diphosphate (FDP) into the highly ﬂuorescent product ﬂuorescein by
the enzyme phosphatase (excitation 480 nm, emission 520 nm).














Figure 4.3: Transformation of substrate 9H-(1,3-dichloro-9,9-
dimethylacridin-2-one-7-yl) phosphate (DDAO phosphate). Before
reaction with the enzyme, DDAO phosphate has an excitation maximum at 470
nm and emission maximum at 660 nm. After enzymatic cleavage of the phosphate
ester bond the product DDAO has an excitation maximum at 585 nm and an
emission maximum at 660 nm.
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2-one-7-yl) phosphate (DDAO phosphate) shown in ﬁgure 4.3, fromMolecular Probes.
This molecule carries one phosphate group and two negative charges at neutral pH,
is ﬂuorescent before and after its transformation by the enzyme with a change of
the excitation spectra (excitation at 470 nm before and 585 nm after enzymatic
reaction, with an emission maximum at 660 nm in both cases). This facilitates
the localization of loaded LUVs before reaction and gives the opportunity to better
select the observation area.
4.2.3 Enzymatic reaction kinetics
Michaelis and Menten [90] proposed a simple model to describe the enzymatic reac-
tion kinetics with the following reaction scheme:
E + S  ES → E + P (4.1)
E represents the enzyme, S the substrate and P the product and ES an inter-
mediate enzyme-substrate complex.
Related to this scheme, ﬁgure 4.4A describes theoretically the evolution with
time of the concentration of diﬀerent components during an enzymatic reaction.
When the reaction is initiated and as the product concentration [P] is very low, the
concentration of enzyme-substrate complex [ES] and product [P] increases with time
during the pre-steady state and the substrate concentration [S] decreases. After a
certain period of time, a steady-state is reached during which [ES] remains constant,
[P] increases and [S] decreases. Finally, the equilibrium might be reached where no
further concentration changes occur.
Assuming that free enzyme and substrate are in equilibrium with their ES
complex, the following is valid when all active sites of the enzyme are identical and
independent, and the substrate or product act not as inhibitors or activators [92]:
E + S  ES (4.2)






With this equation the initial reaction rate V0 (ﬁgure 4.4B), can be estimated
in a ﬁrst approximation by the maximal velocity Vmax, the substrate concentration
[S] and the Michaelis-Menten constant KM . This constant is a property of a par-
ticular enzyme-substrate couple and is independent on their concentrations. With



































[S4] > [S3] > [S2] > [S1]
Figure 4.4: Changes of the concentration of reactants during an en-
zymatic reaction (from [91]). (A) Concentration of substrate [S], enzyme-
substrate complex [ES] and product [P] at pre-steady-state period and steady
state. (B) Changes of product concentration with time at diﬀerent initial sub-
strate concentrations. This ﬁgure shows also how to determine the initial reaction
rate V0.
PP2A, the KM of DDAO phosphate and FDP is around 0.2 [μM]. The equation
describes the initial reaction rate only when the product concentration is low and
thus the back reaction can be ignored. From this equation one can easily distinguish
two theoretical extreme conditions: (i) at very low substrate concentration, [S] 
KM the reaction rate is directly proportional to [S]/KM as in the case of [S1] in
ﬁgure 4.4B; (ii) at high substrate concentration, as in the case of [S4] in ﬁgure 4.4B,
[S]  KM , the rate is equal to Vmax and independent of [S].
In addition to concentration dependence, the activity of an enzyme depends
also on the pH and temperature. The activity of PP2A was checked from 20 up to
60◦C and the pH was maintained constant with buﬀer for each experiments.
4.3 Test with small vesicles in solution
Triggering an enzymatic reaction by the release of substrate from SUVs has, in my
knowledge, never been published before. In order to investigate the diﬀerent ex-
perimental conditions (permeability of substrate, concentrations, lipid composition,
etc.), the concept is ﬁrst tested in bulk solution. Thus, the substrate is encapsulated
in SUVs and the enzyme is added to the surrounding buﬀer before heating the whole
solution. This is also useful to verify the ﬂuorescent properties of the substrate and
its corresponding product.
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4.3.1 Reaction with the substrate DDAO phosphate
For DDAO phosphate, the chosen conditions are the following:
1. The initial encapsulated concentration of the substrate used during the SUVs
preparation is 0.5 mM.
2. The surrounding concentration of enzyme is 0.47 [units/mL] (1 Unit corresponds
to 1 μmole of substrate transformed in 1 min). Both concentrations are relatively
high to reach a fast response after release, facilitating microscopic monitoring.
3. The lipid is DMPC because it exhibits a better response than DMPG or DPPC.
This certainly results from a better loading eﬃciency of DDAO phosphate in
DMPC than in DMPG vesicles as observed during production of vesicles but it
is not quantiﬁed further. In addition, DMPC shows a better release of substrates
than DPPC probably due to its shorter acyl chain length [68].





















































Figure 4.5: Phosphatase enzymatic reaction triggered by release of
DDAO phosphate from DMPC (5mg/ml) SUVs in bulk solution ob-
served by the appearance of a ﬂuorescent product. Time course of ﬂuores-
cence intensity (thick black curve) of DDAO (Ex 585 nm, Em 660 nm). Fluores-
cence increases due to the transformation of the released DDAO phosphate (initial
concentration is 0.5mM) into DDAO by PP2A (0.47 [Units/mL]) present in the
buﬀer solution. The numbers correspond to the diﬀerent stages of reaction rate.
The corresponding solution temperature in the 1 × 1 cm2 cuvette is reported by
the thin gray curve (right hand side).
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Figure 4.5A reveal several important points. The ﬁrst one is the two step ﬂu-
orescence increase near 23 ◦C (by DSC, Tt varies between 23 ◦C [72] (heating) and
24 ◦C [84]) (cooling). This demonstrates that the bilayer permeability increases sub-
stantially at the phase transition temperature of the lipid. It demonstrates also the
fact that the vesicles remain intact during the temperature scan. It is important to
analyze in detail this curve since it reﬂects the product concentration variation with
time and thus the reaction kinetics. This curve exhibits a particular time course,
compared to enzymatic reactions in solutions ﬁgure 4.4B, both during heating and
cooling. Three main ”stages” can be distinguished. The main reason of this par-
ticular time course comes from the variation of substrate concentration with time.
Eﬀectively, in parallel to its enzymatic transformation, a quantity of fresh substrate
is added during its release from the SUVs. Some explanations of this complex re-
action kinetics can be given by the experimental release time course which follows
a sigmoidal shape as shown in ﬁgure 3.2A and with the concept explained above in
ﬁgure 4.4B.
1. The ﬁrst step is characterized by a fast increase in product concentration which
remains constantly fast for a few minutes. That could be explained by a fast
release of high amount of substrate into the bulk which reacts rapidly with the
enzyme as expected from ﬁgure 4.4B for [S4].
2. The second step shows a slower reaction rate, as the substrate release is slower
, nearly linear with time. The time at which the reaction rate starts to decrease
corresponds to the inﬂection point in the sigmoidal release curve in ﬁgure 3.2A.
The reaction may reach another regime dependent on [S] similar as between [S3]
and [S1] in ﬁgure 4.4B, where the rate decreases but still maintained constant
with continuous release of substrate.
3. In the ﬁnal stage, the release of substrate stops, the product formation decreases
slowly and ﬁnally reaches a maximal, constant product concentration.
Interestingly a similar reaction rate is observed during heating as during cooling
with small diﬀerences arising from the diﬀerent amounts of initially encapsulated
substrate. The amount of substrate release after the ﬁrst phase transition is 1.5 times
higher than that after the second release transition due to diﬀerent concentration
gradients between inside the SUVs and the bulk.
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4.3.2 Reaction with the substrate FDP
For the second phosphatase substrate FDP, the conditions are slightly diﬀerent as
for DDAO phosphate:
1. The initial encapsulated concentration of the substrate used during the SUVs
preparation is also 0.5 mM.
2. The surrounding concentration of enzyme is 0.4 [units/mL] (1 Unit corresponds
to 1 μmole of substrate transformed in 1 min). Both concentrations are relatively
high to reach a fast response after release facilitating the microscopic monitoring.
3. The lipid is DPPG whose negatively charges headgroups prevent aggregation.
4. The buﬀer is 10 mM Tris-HCl, pH 7.0.
In a ﬁrst step, the release and reactivity conditions are tested with the enzyme
































































Figure 4.6: FDP released from lipid vesicles reacts with phosphatase in
bulk solution. (A) A suspension of DPPG SUVs (5 mg/ml DPPG containing
0.5 mM FDP in 10 mM Tris-HCl buﬀer at pH 7.0.) and PP2A enzyme in bulk
solution concentration is 0.4 [units/mL]), is heated in a 1 × 1 cm2 cuvette, from 29
to 50 ◦C (around 2 ◦C/min; gray line). The sample is continuously excited at 480
nm and the emission measured at 520 nm (black solid line) inside a ﬂuorimeter.
At 37 ◦C and at 40 ◦C the emitted light intensity increases stepwise due to the
release of FDP from the DPPC vesicles and the subsequent enzymatic production
of ﬂuorescein from FDP outside the vesicles. (B) Diﬀerential scanning calorimetry
(DSC) of DPPG SUVs containing FDP under the same conditions as in (A).
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The reaction rate is diﬀerent to the one observed with DDAO phosphate which
arises from the diﬀerence in chemical structure of FDP. The curve obtained in ﬁgure
4.6A exhibits also a particular shape reproduced several times with diﬀerent samples.
It reﬂects a two step release, one at 37.1◦C and another one at 40.2◦C. It is important
to note that reactions performed in solution without vesicles give normal reaction
rates without steps. Diﬀerential scanning calorimetry (DSC) showed that the main
lipid phase transition occurs at 40.8◦C starting gently at 36◦C (ﬁgure 4.6 B).
Obviously, the ﬁrst substrate release coincides with the calorimetrically de-
tected onset of the phase transition, which is actually very close to the so-called
pretransition detected at 35◦C in non-soniﬁed DPPG lipid multilamellar mem-
branes [84]. The second substrate release is very close to the center of the calori-
metrically determined phase transition.
4.4 Enzymatic reactions inside of LUVs
4.4.1 Using FDP as substrate
Here results are reported on triggering enzymatic reactions in the lumen of micrometer-
sized LUVs applying the strategy presented in ﬁgure 4.1 at the beginning of the
chapter. The two enzyme-substrate reactions investigated are those described pre-
viously. The lipid mixture of the LUVs is the same as that used for the CF dilution
experiments presented in chapter 3. Figure 4.7 shows the proof of principle for the
FDP substrate.
Figure 4.7A shows confocal microscopy images of LUVs immobilized on a glass
plate before (left hand side; 0.5 min, ∼30 ◦C) and after (right hand side; 8.5 min,
∼45 ◦C) the reaction of phosphatase enzyme with FDP, released from the SUVs
inside of the LUVs. The ﬂuorescence intensities are given on the vertical axis in
color code.
Figure 4.7B shows the confocal ﬂuorescence microscopy cross-section of two
immobilized LUVs before (left hand side) and after (right hand side) enzymatic reac-
tion. The scale bar represents 10 μm. The lipid mixture of the SUVs is DPPC:DPPG
(9:1) which apparently enhances enclosure of the SUVs into the lumen of the LUVs.
Figure 4.7C depicts the time course (= temperature dependence) of the ﬂuo-
rescence intensity (i) of a single LUV (black line), and (ii) averaged over 31 LUVs
(gray line). As expected from previous results (ﬁgure 4.6), the substrate release
starts a few degrees below the lipid phase transition temperature Tt. However, in-
tensity increase in individual vesicles is much smaller (background intensity is 40%








































Figure 4.7: Fluorescence images of enzymatic reactions triggered by
release of FDP from DPPC:DPPG (9:1) small vesicles inside of DOPG
LUVs. (A) Fluorescence images of LUVs before (left hand side; 0.5 min, ∼30 ◦C)
and after (right hand side; 8.5 min, ∼45 ◦C) the release of FDP inside the LUVs
(initial concentration of FDP is 0.5 mM and phosphatase 0.1 [Units/mL]). For a
better representation intensity, it is given in color code perpendicular to the plane
of glass support with immobilized vesicles. (B) Confocal ﬂuorescence microscopy
cross-section of two immobilized LUVs before (left hand side) and after (right hand
side) enzymatic reaction. The scale bar represent 10 μm. (C) Time course of the
ﬂuorescence intensity of FDP (Ex 480 nm, Em 520 nm) reaction in one LUV (black
line) compared to an average of 31 diﬀerent LUVs (gray line).
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before the reaction) as compared to that in ﬁgure 4.6A (or with DPPC:DPPG (9:1)
SUVs; not shown), probably due to passive diﬀusion of FDP substrates through the
SUVs bilayer or due to a considerably lower concentration of SUVs encapsulated in
the LUVs than in solution.
4.4.2 Using DDAO phosphate as substrate
In this section, the enzymatic reaction using DDAO phosphate as substrate is ana-
lyzed in greater detail. The test with SUVs in solution reveals a higher encapsulation
of DDAO phosphate in DMPC SUVs than in DMPG. To prevent aggregation, 20
weight percent of the charged lipid DMPG is introduce in the SUV membranes
(DMPC:DMPG 4:1). This allows longer storage of the SUVs.
Figures 4.8A and B depict confocal microscopy images. Figure 4.8C reports
the time course of this reaction for two single LUVs (ﬁlled gray circle and open black
square) compared to an average of 6 diﬀerent LUVs (solid black curve). These data
indicate that the reaction is triggered synchronously at the DMPC:DMPG phase
transition temperature. This experiment worked particularly well and permited a
deeper analysis especially of the kinetics as demonstrated in ﬁgure 4.9.
For this particular experiment, DDAO phosphate has been chosen for its pos-
sibility to be detected before and after the reaction. Unfortunately, the ﬂuorescence
eﬃciency of the substrate was too low to be detected reliably. A too high laser power
was required which induced considerable photobleaching. Therefore, the decrease of
substrate concentration was not quantiﬁed and only the formation of product was
monitored and analyzed.
Figure 4.9A shows the time course of the enzymatic reaction inside of three
selected LUVs. From the series of confocal microscope images, the average ﬂuores-
cence intensities of product (DDAO) per LUV (from the images) were converted
to product concentration during the monitored reaction. This was calculated by a
calibration curve using diﬀerent concentrations of product (DDAO) in bulk solution
measured with the confocal microscope at the same detection settings.
The initial concentration of PP2A used during the formation of the LUVs was
0.5 [Units/mL] which represents∼14 [μg/mL] (data provided by the supplier). From
the molar mass of this enzyme of ∼80’000 [g/mol], the concentration is estimated as
175 [nM]. The ratio [S]/[E] ranges from 3-15, if the enzyme encapsulation eﬃciency
in LUV is 100%.
The data are linearly ﬁtted starting at the beginning of the reaction in order to
compare the initial reaction rates between diﬀerent LUVs. From these ﬁts the slopes
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Figure 4.8: Enzymatic reaction of alkaline phosphatase in DOPG LUVs
with DDAO phosphate released from DMPC:DMPG 4:1 SUVs inside
these LUVs. (A) Fluorescence intensity representation of LUVs at two diﬀer-
ent acquisition times before (6.5 min) and after (8.3 min) the release of DDAO
phosphate (initial concentration of DDAO phosphate in SUVs is 0.5 mM and the
concentration of phosphatase in hte LUVs is 0.47 [Units/mL]). (B) Confocal ﬂuo-
rescence microscopy of immobilized LUVs before (left) and after (right) enzymatic
reaction. The scale bar represents 10 μm. (C) Time course of the ﬂuorescence
intensity of DDAO (Ex 543 nm, Em 650 nm) in two individual LUVs (gray circle
and empty square) and averaged over six diﬀerent LUVs (black line).






























Figure 4.9: Reaction kinetics in single LUVs. Comparison between
diﬀerent individual vesicular reactors. (A) Time course of three diﬀerent
LUVs with diﬀerent product concentrations. Experimental data are ﬁtted by a
linear time dependence in order to determine the initial reaction rate V0. (B)
Dependence of the reaction rate V0 on substrate concentration transformed, Each
data point correspond to one individual LUV (total 13).
are calculated and reported as reaction rates in ﬁgure 4.9B for diﬀerent substrate
concentration, assuming a complete transformation of substrates into products. The
substrate concentration being higher than the KM (0.2 μM measured in bulk), the
initial reaction rate should not be linearly proportional to the substrate concentra-
tion. Therefore the initial reaction rate values were ﬁtted using equation 4.3 (gray
line) and shown a dependency on the substrate concentrations. The data obtained
are too scattered to allow further quantitative analysis, but are in agreement with
the Michaelis-Menten model.
In such small volume, a high concentration of enzyme should be slightly dif-
ferent in each LUVs but may eﬄuence only slightly the reaction rate. The amount
of enzyme should vary less than the number of SUVs per LUV since its size is much
smaller and its encapsulation more homogeneous.
These results show the possibility to perform enzymatic reactions within in-
dividual ultra-small vesicular reactor. Even if the number of enzyme is not yet
quantiﬁed, this system opens novel possibilities to investigate single enzyme reac-
tions.
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4.4.3 Control experiment
A control experiment has been performed in order to approve the experiments of
the enzymatic reactions in the conﬁned volume of the LUVs. Two diﬀerent kinds
of LUVs have been produced and analyzed. One kind was loaded with the enzyme
together with SUVs containing substrate. The other sort was loaded with SUVs
containing substrate but without enzyme. A ﬂuorescent lipid was inserted in the
membrane of the second sort of LUVs to distinguish the two diﬀerent vesicle popu-
lations. The diﬀerent LUVs were ﬁnally mixed, immobilized on the microscope slide
and heated to release the substrate. The results are summarized in ﬁgure 4.10.
 T < Tt
















































Figure 4.10: Control experiments. (A) Comparison of two sorts of LUVs:
One sort contains PP2A and SUVs’ with DDAO phosphate. Another sort of LUVs
contains only SUVs’ with DDAO phosphate but no enzyme and is marked with
ﬂuorescent lipids in the membrane. As expected, in the presence of enzyme the
ﬂuorescence intensity increases from 60% (T < Tt gray bar) to 100% (T > Tt black
bar) but in absence of enzyme no signiﬁcant ﬂuorescence variation is observed. (B)
The ﬂuorescence intensity of the ﬂuorescent lipid marker remains constant at T
<> Tt and can be used to properly focus to the vesicles.
The plot in ﬁgure 4.10A reports the change of ﬂuorescence intensity before
and after temperature scan through lipid phase transition. The plot in ﬁgure 4.10B
reports the ﬂuorescence intensity of the membrane marker which depends on the
proper focusing of the confocal microscope plane. Small observed variations are
due to small diﬀerences in focusing. Once proper focusing was obtained, the plot
in ﬁgure 4.10A proves that the ﬂuorescence gain of the LUVs containing enzymes
eﬀectively comes from an enzymatic reaction as expected.
With the ability to ﬂuorescently mark the membrane, diﬀerent populations
4.5. Conclusion 53
of LUVs can be distinguished. This experiment supports the possibility to apply
the system developed in this work for screening diﬀerent sorts of reaction conditions
with ultrasmall ( down to few molecules) amounts of molecules.
4.5 Conclusion
Integrated vesicular reactors were produced and immobilized on a glass surface al-
lowing to monitor enzymatic reactions by ﬂuorescence confocal microscopy. By
controlling the temperature the permeability of the SUVs containing substrates,
enzymatic reactions in conﬁned volumes were triggered synchronously in multiple
LUVs. The proof of principle was demonstrated by enzymatic transformation of
FDP into ﬂuorescein using alkaline phosphatase. The expected increase of reac-
tion rate with released substrate (concentration near the KM value) was veriﬁed by
comparing several individual LUVs with DDAO phosphate substrate.
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Chapter 5
Consecutive Enzymatic
Reactions in Single LUVs
5.1 Introduction
In chapter 4 we described key experiments how to trigger and observe enzymatic
reactions in individual femtoliter sized vesicular containers by thermotropic release
of substrates from attoliter sized SUVs. Two diﬀerent substrates were released from
two diﬀerent sorts of SUVs showing diﬀerent lipid phase transition temperatures.
Combining these two systems gives the possibility to trigger inside the same LUV
two consecutive enzymatic reactions as illustrated by ﬁgure 5.1.
First two diﬀerent sorts of SUVs are prepared separately, each composed of
diﬀerent lipids displaying clearly distinguished lipid phase transitions. Each sort
of SUVs contain a diﬀerent substrate distinguished by the ﬂuorescence of its ﬁnal
product. The two population of SUVs are then entrapped in the lumen of the LUVs
together with the enzyme for the two diﬀerent substrates. In the following we use (i)
SUVs composed of DMPC:DMPG 4:1 containing DDAO phosphate and (ii) SUVs
composed of DPPC:DPPG 1:1 containing FDP. The LUVs were then immobilized
on a glass slide as described in ﬁgure 5.1.
By applying an increasing temperature ramp, ﬁrst at Tt = 23 ◦C the DMPC:DMPG
SUVs release DDAO phosphate which immediately reacts with the enzyme. Then
after reaching Tt = 41 ◦C the DPPC:DPPG SUVs release FDP which reacts with the
same enzyme. This chapter demonstrates the proof of principle that in ultra-small
reactors consecutive enzymatic reactions can be initiated consecutively at distinct
temperatures.
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Figure 5.1: Concept of consecutive enzymatic reactions conﬁned in a
single LUV. Phosphatase (black star) is incorporated in LUVs together with
DDAO phosphate loaded in the ﬁrst sort of SUVs (DMPC:DMPG 4:1, Tt around
23 ◦C) and FDP loaded in the second sort of SUVs (DPPC:DPPG 1:1, Tt around
41 ◦C). Each sort of substrates is released at the particular Tt of its container and
reacts subsequently with the enzyme present in the LUV.
5.2 Materials and methods
The experimental methods required in the present context have already been pre-
sented in detail in the diﬀerent previous chapters. The conditions are only slightly
modiﬁed after several experimental trials. For this particular application a good
co-incorporation of DDAO phosphate containing SUVs as well as FDP containing
SUVs inside the same LUV is required. In order to enhance this co-incorporation,
the electrostatic interaction between the SUVs and LUVs must be balanced. The
following lipid mixtures were chosen; DDAO-phosphate-SUVs are prepared from a
mixture of DMPG:DMPC 4:1 (starting organic solution 5 mg/mL). FDP-SUVs are
composed of DPPG:DPPC 1:1 (starting organic solution 5 mg/mL), and the LUVs
are DOPC:DOPG:biotinPEGlipid 100:400:4 (starting organic solution of 2 mg/mL).
These compositions gave the best results, but still not all LUVs featured a
good co-incorporation of the two sorts of SUVs. The amount of enzyme should also
play an important role, but due to its small size compared to the SUVs, its loading
eﬃciency is expected to be more homogenous between the diﬀerent LUVs.
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5.3 Results and discussion.
A proof of principle is shown in ﬁgure 5.2. It shows the confocal images (on the top)
with their intensity proﬁles (measured at the position represented by the white line)
at three diﬀerent times (t = 0, 4.8, 12.4 min) after the temperature ramp started.
At t = 0 min, the green color representing the ﬂuorescence of ﬂuorescein and the
red color representing the ﬂuorescence of DDAO, were of similar intensity with a
maximum value measured around 2000 [a.u.] in the center of the 10 μm sized LUV.
At t = 4.8 min, the red color was predominant with a maximum intensity value
increased to 4000 [a.u.] due to the release DDAO phosphate from DMPC:DMPG
SUVs and its enzymatic transformation to highly ﬂuorescent DDAO. At t = 12.4
min, the green color was predominant with an intensity value increase to near 400
[a.u.] which resulted from the release of FDP from DPPC:DPPG SUVs and its trans-
formation to ﬂuorescein. These images also showed that the ﬂuorescent substrates
are homogenously distributed inside the LUV.
These qualitative results show unambiguously that two enzymatic reactions
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 DDAO FDP
0
Figure 5.2: Confocal ﬂuorescence micrographs of the same LUV at three
diﬀerent times (top). Bottom: The intensity proﬁle across the LUV (indicated
by the white line) is measured for the two diﬀerent products simultaneously by two
separated channels (ﬂuorescein in green and DDAO in red).
For additional details, the ﬂuorescence intensity time course of two diﬀerent
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LUVs from two diﬀerent samples of same preparation, measured at two diﬀerent
days, are presented in ﬁgure 5.3A and B. The ﬂuorescence intensity versus time
traces show a relatively high noise due to the fact that in the absence of a membrane
marker, it was quite diﬃcult to precisely focus to the individual LUVs. The gray
curves corresponding to the ﬂuorescence of DDAO exhibits a clear increase in both
samples near 23◦C upon heating and cooling as indicated by the arrows at the button
of ﬁgure (A) and (B). Similarly, the black curves corresponding to the ﬂuorescence
intensity of the produced ﬂuorescein exhibited an increase also in both samples near



























































Figure 5.3: Time course of the consecutive enzymatic reactions. The
ﬂuorescence intensity of the two enzymatic products (DDAO in gray and FDP
in black) are reported as s function of time upon heating and cooling (identical
experimental conditions as described above in ﬁgure5.1).
Both in ﬁgures 5.2 and 5.3 a decrease of the ﬂuorescence intensity was observed
for both products above Tt after the reaction is completed. This was also observed
to a lower extent for single substrate experiment. However, it did not aﬀect signif-
icantly the characterization of the reaction at the beginning, which was only taken
for analysis in ﬁgure4.9. This observation might be due to photo-bleaching which
was more pronounced in ﬁgure 5.3 due principally to a longer period of excitation
time. In addition, the amount of SUVs, and hence the number of reactants, was
lower than in the preceding experiments which in turn required a higher laser power
for measurements. Another explanation for the decrease in ﬂuorescence intensity
would come from a passive leakage of the products out of the LUVs. But, since
the reactants with a similar chemical structure and size remain encapsulated in the
SUVs for several days, the mentioned eﬀect certainly comes from photo-bleaching.
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5.4 Conclusion
Despite high photobleaching, the results presented in this chapter demonstrate that
we have developed a system suitable to perform and observe multiple consecutive
enzymatic reactions. This could be useful to study in a conﬁned volume, complex
bio-chemical reaction systems like competitive reactions, inhibitions or cascade re-
actions which would be a starting point to simulate complex biochemical cellular
reactions, i.e. to construct an artiﬁcial cell. Compared to a real complex native
cell, the artiﬁcial system can reduce the complexity allowing to better control all
the participating components.





The results presented in the previous chapters demonstrate that mixing reactants to
initiate bio-chemical reactions can be performed within ultra-small vesicular reac-
tors. The presented results are based on average ﬂuorescence intensity measurements
on single LUVs for two types of experiments: (i) dilution of dyes, and (ii) initiation
of enzymatic reactions. However the techniques used up to now cannot quantify in
detail the content of each reactor, particularly the number of SUVs per LUVs. This
parameter is important to know since the performance of a LUV as reaction con-
tainer depends on its capability to incorporate a suﬃcient and measurable amount
of SUVs.
Here we use ﬂuorescence correlation spectroscopy (FCS) to characterize re-
actants and products inside of a LUV. In a typical FCS experiment, a laser beam
is focused by confocal optics into a sample; the diﬀusion of single ﬂuorescent par-
ticles / molecules across the confocal volume of (sub)femtoliter size is measured.
FCS counts the number of ﬂuorescent particles / molecules and measures their dif-
fusion constant and thus, it is possible to distinguish free diﬀusing dyes from those
encapsulated in SUVs.
FCS was invented by Magde et.al. [93], and Rigler et.al. [94] and reviewed
recently by Krichevsky et.al. [95] and Schwille et.al. [96]. FCS has been already
used to study the interaction of peptides with small vesicles interaction (Pramanik
et.al. [97]).
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6.2 Materials and methods
6.2.1 Principle of FCS
The FCS results presented in this chapter are obtained using the commercial LSM
510 confocal microscope from Carl Zeiss. This is the same microscope used for
confocal data acquisition and thus enables to combine the two techniques for pre-
cise localization of the FCS focus inside the immobilized LUVs. Using pinhole
diaphragms the detection volume can be reduced to few hundreds of nano-meters in
diameter corresponding typically to ∼3· 10−16L ⇔ 0.3 femtoliters of the detection
volume. This speciﬁc feature is important since the focal volume ﬁts inside the
LUVs but is still large enough to measure correctly the diﬀusion time of the SUVs
in the LUVs [98]. The ﬁgure 6.1 illustrates the shape of the detection volume and
























Figure 6.1: Illustration of the principle of FCS. (A) The ﬂuorescent particle
is only excited when present in the confocal detection volume. (B) The ﬂuorescence
intensity is recorded versus time and gives the intensity ﬂuctuation trace I(t) due
to the diﬀusion of particles in and out of the detection volume. (C) From this
trace, the autocorrelation curve G(τ) is calculated.
6.2.2 FCS theory
The confocal detection volume is characterized by its radius w1 and its height 2w2
(ﬁgure 6.1A. Diﬀusing ﬂuorescent particles, free dye molecules in the bulk or loaded
inside SUV are excited only when they are present in the confocal volume. In order
to obtain reasonable data [98, 99], the particles must be considerably smaller than
the confocal volume, thus only particles below w1  200 nm can be characterized
by FCS. To respect this limitation, the SUVs analyzed are produced by extrusion
through ﬁlters of 100 nm pore size. The ﬂuorescence intensity is recorded over time
yielding traces I(t) which show characteristic ﬂuctuations δI(t) around the average
ﬂuorescence signal 〈I〉. The ﬂuctuations might be due to changes in the ﬂuorescence
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quantum yield or to the number of ﬂuorescent particles in the detection volume.
In order to get experimental parameters, the normalized autocorrelation function
(ACF) G(τ) is calculated numerically from I(t) as follow.




The ﬂuorescence intensity shows characteristic ﬂuctuations around the average
ﬂuorescence intensity due to particular molecular processes. The autocorrelation
function compares the value of the ﬂuorescence signal at any arbitrary time t with
the ﬂuorescence signal at a short time interval τ later. The angular brackets 〈〉
indicate time average over t and τ . If the decay of Gτ is much shorter than the
translational diﬀusion, the ACF can be ﬁtted according to the following equation.














The ﬁtting parameters are:
D: the diﬀusion coeﬃcient is D = w1
2/4τD
w1: the radius of the detection volume (ﬁgure 6.1)
w2: the half height of the detection volume (ﬁgure 6.1)
and the experimental parameters extracted from the ﬁtted ACF are:
 N: the number of molecules in the detection volume
 τD: the translational diﬀusion time of the detected particle.
In cases where diﬀerent populations of particles are present in the analyzed







)2 + G∞ (6.3)
αi depends on the quantum yield of the ith particle, gxi depends on the appro-
priate model of ﬁtting for species i, and Yi is the mole fraction for each species
i with N the average number of particles. This latter equation implies an impor-
tant restriction [101] of the FCS experimental applications. Since the ACF depends
on the quantum yield of every species detected, this quantum yield needs to be
determined. Unfortunately, the SUVs to be analyzed encapsulate an undetermined
amount of ﬂuorophores and thus have diﬀerent brightness, depending on the number
of ﬂuorophores per SUVs.
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In conclusion to this introductory remarks, FCS is useful to determine qual-
itatively whether the detected ﬂuorophore is encapsulated in SUV diﬀusing slowly,
i.e. with high τD or if the ﬂuorophore is diﬀusing fast with low τD. However, for
the case where no loaded SUVs are detected, the number of ﬂuorophores and hence,
after calibration of the detection volume, its absolute concentration can be quanti-
ﬁed either in solution or entrapped in LUVs. The following results summarize some
thermotropic release processes under diﬀerent conditions of SUVs’ lipids, diﬀerent
ﬂuorescent dyes and SUVs dilution. They characterize also LUVs under similar con-
ditions as used in the previous chapter by exploiting the FCS results in an adapted
manner.
All the experimental conditions during FCS measurements are identical. The
measurements ﬁrst begin with an automatic pinhole adjustment to ﬁnd the maximal
detected intensity from a solution of 100 nM A488 and with a pinhole diameter of 70
μm for the 488 excitation line (for A488, CF and Rhodamine 6G) and 90 μm for the
excitation line 633 (Cy5 and A647). The laser power transmission is usually 1 % but
may be adjusted to obtain a suﬃcient intensity per particles. When the intensity
is high enough (but not higher than 1000 [kHz]), the laser power do not inﬂuence
the parameter obtained by the ACF. The extruded (100 nm pores diameter ﬁlter)
vesicle concentration is not quantiﬁed before FCS experiments but correspond to
about 50 μg/ml of lipids and 3.17μM for the initial dyes concentrations for most of
the measurements.
6.3 FCS on SUVs in solution
Before analyzing the more complex system SUVs in LUVs, the SUVs are ﬁrst char-
acterized in bulk solution by FCS experiments.
6.3.1 Detection of SUVs
First of all, the release process is characterized qualitatively by measuring the dif-
fusion times of the ﬂuorophores both entrapped in SUVs and in bulk solution. As
presented in ﬁgure 6.2, three conditions can be clearly distinguished. (i) The thin
black ACF curve represents the A488 ﬂuorophore in buﬀer solution. (ii) The thick
black curve, represents the ACF of the same ﬂuorophore encapsulated in dispersion
of SUVs before heating; the ACF shows a large shift to higher diﬀusion time. (iii)
After heating the SUV dispersion, the ACF shifts back to the same curve as seen
for free ﬂuorophores in bulk solution shown in (i) (gray curve).
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The results depicted in ﬁgure 6.2 demonstrate the ability to clearly distinguish
the dye encapsulated in SUVs from the free dye in bulk solution. Due to the large
diﬀerence in size, the SUVs diﬀuse much slower than free dye. Therefore, FCS is
suited to detect the release of dyes from SUVs determining parameters inaccessible
with the other techniques already presented. The results presented in ﬁgure 6.2
demonstrate that the majority of ﬂuorophores are eﬃciently released from SUVs.
Details of the parameters aﬀecting the dye release eﬃciency from SUVs will be


















Figure 6.2: FCS autocorrelation curves of DPPG SUVs before and af-
ter release of to Alexa488FH (A488). The thin black autocorrelation curve
represents a solution of A488 in absence of SUVs. The thick black autocorrelation
curve stems of A488 dyes encapsulated in SUVs (DPPG) before heating. The gray
autocorrelation curve is obtained from the same SUV solution after heating.
6.3.2 Eﬀect of the lipid bilayer composition
The lipid composition of the bilayer of SUVs inﬂuence the dye release; ﬁgure 6.3,
shows FCS experiments for DPPG-SUVs (black ACF curve) and DPPC-SUVs (gray
curve) and SUVs composed of DPPC:DPPG (thick black curve) always after heat-
ing above Tt. The ACF of DPPG-SUVs have no contribution from slow moving
particles, showing a complete release of A488. On the other hand, the ACF curves
from less or non charged SUVs reﬂect an important contribution from slow diﬀus-
ing particles. Therefore, we conclude that the electrical charge of the polar head
groups of the SUV lipids plays an important role during the release of hydrophilic
molecules from the inside of SUVs to bulk buﬀer. The release of A488, seems to be
more eﬃcient in the presence of negatively charged lipids such as DPPG. This will
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Figure 6.3: FCS autocorrelation curves of SUVs composed of diﬀerent
lipids always after heating above Tt. The thin black curve represents the
autocorrelation curve of a solution of DPPG-SUVs; no vesicles with encapsulated
dyes could be detected. The thick black line represents an autocorrelation curve
of DPPG:DPPC (1:1) SUVs, the gray line that of DPPC-SUVs.
6.3.3 Eﬀect of the dye properties on release from vesicles.
Since the charge of the lipids inﬂuence the release process, the hydrophobicity of
the dyes encapsulated should also play a role during this process. Intuitively, the
molecular weight is expected to aﬀect the release eﬃciency; smaller dyes should
diﬀuses faster and hence should be released out of SUVs more rapidly and eﬃciently.
Here we investigated four diﬀerent dyes with diﬀerent chemical properties. Their
chemical structures (except for A647 which structure is not accessible) and molecular
weights are depicted in ﬁgure 6.4.
Figures 6.5 (A) and (B) represent the ACF curves of DPPG SUVs after heating
diluted hundred times after puriﬁcation (∼50 μg/ml of lipids), loaded with the diﬀer-
ent dyes tested. These curves are calculated by averaging a series of measurements
with long acquisition time (20 seconds per single measurement). These autocorrela-
tion curves indicate that in nearly all cases the ﬂuorophores are eﬃciently released
from the SUVs. Thus FCS allows to determine the number of released ﬂuorophores.
6.3.4 Eﬀect of dilution of the vesicle solution
In the case of CF, only a very few SUVs are detected, but it is suﬃcient to miscal-
culate the number of free dyes within a mixture of particles of diﬀerent brightness.
However, it is possible to perform a suitable evaluation procedure by considering
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Figure 6.4: Four ﬂuorescent dyes used for the FCS experiments. The
molecular mass, the net electrical charge and excitation and emission wavelengths






































Figure 6.5: FCS autocorrelation curves of 4 diﬀerent solutions of DPPG-
SUVs, diluted 100 times after puriﬁcation (∼50 μg/ml lipids); in each
sample the SUVs are loaded with 4 diﬀerent ﬂuorescent dyes after the
same heating treatment. (A) circles A647; squares Cy5; dashed curve free Cy5
without SUVs. (B) Black curve A488; gray curve CF. Under the same conditions,
almost no SUVs are detected except for the CF represented by the gray curve in
(B), i.e. the dyes are not from SUVs. Measurements were performed after the
samples were heated above their corresponding Tt.
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only the autocorrelation curves where no SUVs have been detected. This can be
achieved by taking a large number of measurements (for example 20) during a small
acquisition time (for example 1 second). Finally the number of free dyes is calculated
by averaging only the measurements containing no contribution of SUVs. However,
for undiluted solutions, in most of the cases the number of free released dyes could
not be calculated.
We have used this method to compare the eﬃciency of release for the four
diﬀerent dyes. Figure 6.6A reports the relative (compared to undiluted sample)
number of Cy5 dyes released from SUVs diluted 10 and 100 times before heating.
Figure 6.6B depicts the relative (compared to 10 fold dilution = 500 μg/mL of
lipids before heating) number of four diﬀerent dyes released at 100 times dilution



















































Figure 6.6: Relative number of released dyes at diﬀerent dilution condi-
tion as obtained from FCS. (A) represents the relative (compared to undiluted
sample) number of released Cy5 dyes for diﬀerent dilutions. (B) reports the num-
ber of dyes of A488, CF, A647 and Cy5 at 100 fold dilution relative to 10 fold
dilution.
Figure 6.6A reveals that the number of released dyes increases with the dilu-
tion. The diﬀerence between the dilution 100 and 10 is higher than between dilution
10 and 0.
Figure 6.6B shows that there are no signiﬁcant diﬀerences between the vari-
ous dyes at 100 fold dilution. Thus the release eﬃciency depends not much on the
properties of the dyes but more on the extent of dilution. Obviously, the concentra-
tion gradient between the interior of the SUVs and the bulk solution inﬂuences the
eﬃciency of dye release.
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6.3.5 Quantiﬁcation of the number of SUVs
In order to evaluate the number of SUVs, the evaluation of FCS data needs some
adaptations. The intensity trace of a none-heated solution of SUVs diluted 100
times (∼50 μg/ml of lipids) is shown in ﬁgure 6.7A. This trace exhibits peaks due
to the detection of individual highly ﬂuorescent SUVs. In dilute solutions, high
intensity events can be distinguished because each of this events arise from individual
SUVs, it is possible to count them by a histogram as shown in ﬁgure 6.7B. This
way of counting is similar to the photon counting histogram (PCH) where particles
are distinguished according to their relative brightness instead according to their
diﬀusion time as is done normally in FCS. In the present case of high dilution the








































Figure 6.7: Determination of the number of SUVs suspended in buﬀer
and loaded with A488; (before heating). (A) Fluorescence intensity as func-
tion of time; each high ﬂuorescence intensity event corresponds to a single SUV.
(B) Intensity histogram of the events observed in (A). From this histogram it is
possible to count the number of SUVs above background intensity of 12 [a.u.]. Ex-
perimental conditions: Room temperature, 3.17 μM initial concentration of A488
inside SUVs, buﬀer is 10 mM Tris-HCl pH 7.0.
Since the time bin of the intensity trace in ﬁgure 6.7A (50 μs) is larger than the
average diﬀusion time measured by FCS (2μs) of SUVs, those counts of the histogram
6.7B which are beyong the background threshold (determined at 12 [a.u.] for this
example) correspond to SUVs. To obtain the number of SUVs in the detection
volume, the number of counts higher than 12 [a.u.] is divided by the total number
of counts (background + SUVs).





This evaluation is used to determine the number of SUVs before the entrapped
ﬂuorophores are released. Subsequently, FCS measurements on the same diluted
sample after heating determine the absolute number of dye molecule; in turn the
average number of dye molecule per SUV can be estimated and hence the encap-
sulation eﬃciency can be calculated. This procedure delivers an average number
of 8 dyes per SUV. This number can be compared to the value of 10 dyes per
SUVs [102], calculated from the initial dye concentration (31.7μM) used to produce
the SUVs. Thus the encapsulation eﬃciency is estimated to be 80%. In the classi-
cal FCS evaluation, the brighter particles are dominating the autocorrelation curve,
thus underestimating the number of SUVs containing a low number of ﬂuorophores.
Actually the ”classical” FCS calculation yields a value of ∼50 dyes per SUVs which
is unrealistic.
Validation of the technique used to count the SUVs — This subsection
reports results supporting the validity of the method used to count the SUVs in
solution. First of all, the concentration of free dyes is calculated with the traditional
FCS technique. By measuring the diﬀusion time (τD) of a reference dye (Rho-
damine 6G) with know diﬀusion coeﬃcient, the diﬀusion coeﬃcient of the A488 dye





The detection volume (Vdet) can then be calculated using the diﬀusion time
of the dyes (DA488) and (τDA488), and the structure parameter (S) obtained with
the ACF ﬁt curve:
Vdet = 2 · π · S · (4 ·DA488 · τDA488)
3/2 (6.6)
The absolute concentration (cA488 [M]) is then calculated using the detection
volume (Vdet [L]), the Avogadro number (NAV ) and the number of dyes measured
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Figure 6.8A veriﬁes the proportionality between the released concentration
of dyes and the initial concentration encapsulated in SUVs. Figure 6.8B veriﬁes
from the same sample, the proportionality between the released dyes and the SUVs
dilution ratio. Figure 6.8C veriﬁes from the same initial sample the proportionality












































































Figure 6.8: Quantitative results from DPPG SUVs in solution. (A) The
concentration of released dyes is proportional to the initial encapsulated dye con-
centration. (B) The concentration of released dyes is proportional to the dilution
of the SUVs solution (same SUV sample). (C) The number of SUVs is also pro-
portional to the dilution of the SUV solution. The concentration ratio represents
the inverse of the dilution ratio (number of times more concentrated than the more
diluted sample).
Figure 6.9 analyzes using traditional FCS a mixed solution of SUVs and free
dyes in order to evaluate under which conditions each species can be correctly quan-
tiﬁed [101]. Figure 6.9A shows the ACF of one SUV solution after addition of
diﬀerent concentrations of free dyes; ﬁgure 6.9B summarizes the calculated fraction
of free dyes. This ﬁgure demonstrates the sensitivity of the FCS technique; concen-
trations down to 0.08 nM within a mixture can be detected. From this ﬁgure, two
limiting conditions are distinguishable: (i) Concentrations of less than 0.01 nM of
free dye surrounding the SUVs are not detected. (ii) At concentrations higher than
65nM of free dye in the surrounding of SUVs, the SUVs are no more detected.
6.4 Characterization of the content of LUVs by FCS
The utilization of the FCS technique was not only motivated by the possibility
to distinguish the free diﬀusing dyes from the encapsulated ones, but also by the
ability to probe the lumen of individual LUVs with a sub-femtoliter detection volume
(dimension in the 250 nm rage; ﬁgure 6.10A). Figure 6.10B demonstrates that it is
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Figure 6.9: Limit of the detection of free dyes in the presence of dye-
loaded SUVs. (A) ACF of a dispersion of SUVs (5 mg DPPG /mL loaded with
an initial concentration of 3.17 μM of A488) after adding diﬀerent concentrations
of free dye in the bulk. (B) Fraction of free dyes (relative to the total number of
detected particles; SUVs + dyes) calculated with traditional FCS technique. The
FCS detection limit is 0.01 nM of dyes in a mixture of SUVs and free dyes.
possible to distinguish by autocorrelation curves free dyes from encapsulated ones
in LUVs. The autocorrelation curve after heating is nearly identical to that of
free dyes in solution, demonstrating an eﬃcient release of dyes from SUVs and
entrapping them in LUVs. The confocal detection volume is positioned inside the
LUV of interest before measurement and checked also after the data acquisition if
it is still inside the LUV. An eﬃcient immobilization of the LUV stable in position
and over time is prerequisite in order to realize these measurements.
As already explained in the previous sections, only the two most important
parameters can be quantiﬁed at the particular condition of SUVs in solution or
conﬁned in LUVs. The ﬁrst parameter is the number of incorporated SUVs within
each LUV before reaction which determines the amount of reactants incorporated
in the reactor. The second parameter is the number of reactants released from these
SUVs, which determines the amount of reactant accessible to perform a bio-chemical
reaction.
The major results obtained within individual LUV are summarized in ﬁg-
ure 6.11. Two diﬀerent LUV samples, incorporating SUVs loaded with either low
(3.17μM; 1 dye/SUV [103]; squares) or high (31.7μM; 10 dyes/SUV; circles) initial
concentration are analyzed before and after heating treatment. Due to technical
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Figure 6.10: FCS measurements performed inside single LUV. (A) Con-
focal image of a a cross section of a LUV (TRITC-DHPE) containing SUVs, in-
dicating also the coordinates of the detection volume taken before and after the
FCS measurements. The detection volume deﬁned by the confocal pinholes is 0.38
fL with dimension ω1 = 190 nm and S 8.4 [a.u.]. (B) Autocorrelation traces ob-
tained inside a single LUV. The black curve indicates the presence of slow diﬀusing
dyes encapsulated in SUVs (A488 3.17 μM) before (black trace) and after (gray
trace) release induced by a temperature shift from 22 ◦C to 45 ◦C. Scale bar is 10
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Figure 6.11: FCS measurements inside single LUVs. Each point represents
averaged results obtained from several individual LUVs. The number of SUVs
per femtoliter (plain black square) loaded with a low initial concentration of 3.17
μM (1 dye/SUV) and the number of released dyes (open black square) from these
SUVs are depicted. The number SUVs (plain gray circle) loaded with 31.7 μM (10
dyes/SUV) and the corresponding released dyes (open gray circle).
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problems, the LUVs analyzed before and after heating comes from exactly the same
batch sample, but is not the same individual LUV. For comparison between each
case, the calculated number of SUVs or dyes are expressed per femto liter. Despite
a certain error on each data point, consistent results were obtained which can be
summarized as follows:
1. First the number of dyes released from SUVs loaded with low initial concentration
is very close to the number of SUVs before heating. Statistically, a SUV contains
on average 1 dye molecule. Therefore, the number of released dyes would be
equal to the number of SUVs if all dyes would be released from the SUVs into
the corresponding LUV. The number of released dyes is slightly higher than
the number of SUVs. From ﬁgure 6.9 the number of dyes inside the LUV and
non-incorporated in SUVs is evaluated to 0.006 molecules. Thus, the higher
number of released dyes can not result from non-detected free dyes before heating.
Statistics (over 323 SUVs) obtained by Boukobza et.al. [103] by single molecule
spectroscopy reports a Poisson distribution of around 70% of SUVs with one dye,
22% with two dyes and 5% with three dyes. Thus the result obtain is meaningful
since FCS take into account only the loaded SUVs but not the empty ones.
2. The number of SUVs loaded with low dye concentration is very close to the
number of highly loaded SUVs. Eﬀectively, the SUVs are produced with the
same lipid concentrations (5 mg/ml) and should not depend on the encapsulated
dye concentration.
3. Finally, as expected, the number of dyes released from highly loaded SUVs -
statistically 10 dyes per SUV - is about ten times higher than the number of
SUVs before heating, and is also ten times higher than the number of dyes
released from SUVs loaded with one dye per SUV.
For control, measurements were also performed outside LUVs but give invalu-
able results due to low counts per molecules in most of the cases and 0.7 molecules
per femtoliter in the case after release with high initial concentration. This might
result from the release from SUVs in bulk non incorporated in LUVs.
Up to now some articles have evaluated encapsulation eﬃciency [104–107]
based on bulk analysis and represented the average of a given preparation. But
only few groups mention the possibility to characterize either by FCS the num-
ber molecules released from single vesicle [108] or by single molecule spectroscopy
the number of ﬂuorescent protein within single small vesicle [103, 109, 110]. This
demonstrates the utility and power of the FCS technique in this context.
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6.5 Characterization by other techniques
6.5.1 Freeze-fracture Electron Microscopy
Figure 6.12: Freeze fracture electron microscopy of nested LUV / SUVs.
Same lipid composition and buﬀer as used in chapter 3. SUVs concentration 15
mg / ml of lipids and LUV concentration 10 mg / ml lipids.
In order to image the LUVs / SUVs at 10 nm resolution, freeze fracture
electron microscopy (EM) was performed. This particular EM technique is able
to probe both the external and the internal surfaces and containment of vesicles
(LUVs and SUVs). Figure 6.12 shows a series of freeze fracture electron micrographs
of LUVs which contain SUVs at three diﬀerent concentration levels: High packing
density on the right hand side, intermediate loading level on the left hand side and
low level in the center. The number of SUVs counted in the area of the LUV on the
EM micrograph gives an estimation of the total number of SUVs in LUVs. From
the picture of the left hand side presented here, two population of SUVs can be
observed (also with DLS in the following section). The number of small SUVs with
average diameter of 100 nm is 507 SUVs/fL. The number of larger SUVs (average
diameter; 210 nm) is 58 SUVs/fL.
In order to compare these values with FCS results (obtained with SUVs of only
100 nm), the number of larger SUVs is converted into number of smaller ones by: 
SUVs ∝  lipids / 2 · Surface(SUV) ⇒  SUVs(100nm) = 4.41 ·  SUVs(210). So
the total number of SUVs(100nm) is evaluated at 760 SUVs(100nm) / fL. The lipid
concentration in the samples used for the freeze-fracture EM was four times higher
than for FCS experiments. By taking this into account, we obtain a concentration of
190 SUVs/fL, which is similar as the concentration obtained by FCS measurements
of 100 SUVs/fL.
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6.5.2 Dynamic Light Scattering
The diﬀerent types of SUVs used in the previous experiments are also characterized
by dynamic light scattering (DLS). By proper calibration with latex beads of deﬁned
sizes, DLS delivers information of average sizes and size distribution of lipid vesicle
preparations. Diﬀerent vesicles composed of lipids with diﬀerent acyl chain lengths
and charges were analyzed. Figure 6.13A shows the size distribution of DPPG SUVs
(black curve) extruded through a ﬁlter with 100 nm pore size and in comparison
latex beads (gray curve) of 100 nm diameter. It demonstrates that the SUVs have
similar average maximal size but a slightly larger size distribution as the calibration
beads. Figure 6.13B compares DPPG SUVs extruded either through ﬁlters of 100
nm (black curve) or 400 nm diameters (gray curve). As expected, [74] the ﬁlters with
larger pores produce larger SUVs (average value of 210 nm). The size distribution
is also larger with two main populations around 100 and 250 nm. These two main
populations are in agreement with the freeze-fracture EM especially with the picture
on left hand-side of ﬁgure 6.12. On this micrograph, we can see clearly two sorts
of SUVs; small ones with diameter around 100 nm and bigger ones with diameter
around 200 nm.
These characteristics motivated us to chose the 100 nm extruded SUVs for
FCS measurements. The 210 nm extruded SUVs were chosen for the ﬂuorescence
de-quenching and enzymatic reactions because they have a higher encapsulation
capacity, enhancing the number of dyes released thus increasing the ﬂuorescence
response.
Table 6.1: DLS data summary. Average (5 runs of 3min) of ﬁtted (cumulant
ﬁt of correlation function 2nd order) data obtained by DLS (ALV 3.0) measured
at 90◦. Lipids concentration; 50 μg/ml in Tris-HCl 10 mM pH 7.0.
Extrusion pores Lipid used Hydrodynamic Radius [nm] Width [nm]
100nm DPPG 57 23
100nm DPPG:DPPC 5:5 50 14
100nm DPPG:DPPC 1:9 52 17
100nm DMPG:DMPC 2:8 48 14
250nm DPPG 96 46
250nm DPPG:DPPC 5:5 94 38
250nm DPPG:DPPC 1:9 105 44
250nm DMPG:DMPC 2:8 90 32














































Figure 6.13: Size distribution of SUVs determined by dynamic light
scattering (DLS). (A) Comparison between latex beads of 100 nm in diameter
(gray line) and DPPG vesicles extruded through a ﬁlter of 100 nm pores-size (black
line). (B) Comparison between DPPG vesicles extruded through ﬁlter with 100
nm (black line) and 250 nm (thick gray line) pore-size.
Table 6.1 summarizes the hydrodynamic radii and the widths of all SUVs
analyzed with DLS. Several remarks can be made from these data. The major pa-
rameter inﬂuencing the size and size distribution is the pore-size of the extrusion
ﬁlter used for the production of SUVs. The acyl chain length of the lipids have
little eﬀect on the size; shorter chains give smaller SUVs. The charge density of the
lipid bilayer have no signiﬁcant eﬀect on the size. For comparison, the hydrody-
namic radius of DPPG SUVs extruded through a ﬁlter with 100 nm pores is 58 nm,
calculated by FCS and using the Stokes-Einstein relation, D = kbT/6πηRh, where
D is the diﬀusion coeﬃcient which is related to kb the Boltzmann constant, T the
temperature in Kelvin, η the viscosity and Rh the hydrodynamic radius.
6.6 Conclusion
It was demonstrated that FCS is able to follow and quantify the ﬂuorescent SUVs
and the dyes released into an individual LUV. With this technique, it was possible
to quantify in dilute solutions the absolute concentration of reactants available for
conﬁned (bio-)chemical reactions which were investigated in the chapter 4. Diﬀerent
experiments showed that the presence of charged lipids in the SUVs bilayer and high
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dilution of SUVs increased the release eﬃciency.
DLS was applied to characterize the size distribution of the SUVs in solution.
Freeze-fracture EM showed a high SUVs encapsulation inside individual LUVs. The
results obtained by these two techniques are in good agreement and revealed that
SUVs extruded through a ﬁlter of 400 nm pores-size have two main populations
around 100 nm and 250 nm.
Chapter 7
Conclusion and Outlook
7.1 Contribution of this research project
The results presented in the thesis demonstrate an innovative method that allows
the parallel self-assembled production of nanoreactor systems whose function is con-
trolled by a remote stimulus.
A nested system comprised large micrometer-sized vesicles (LUVs) encapsu-
lating smaller nanometer-sized vesicles (SUVs). The larger ones are immobilized on
a glass substrate. By using diﬀerent lipids for each type of vesicles, we can increase
the temperature and drive only the SUVs through a phase transition that makes
them permeable while the LUVs remain impermeable. At the temperature of the
SUVs’ lipid phase transition the initially loaded hydrophilic molecules are released.
The controlled release of reactants inside the large vesicles was demonstrated ﬁrst
by the release of CF ﬂuorophores. The dilution in the LUVs resulted in dequench-
ing and an increase of the CF ﬂuorescence, proven unambiguously that the dye is
release from the loaded SUVs at Tt but remained conﬁned in the interior of the
larger vesicle. The applied progressive temperature scan revealed a transition width
of 3◦C and a half time of release of 1min.
Triggered enzymatic reactions were also demonstrated by incorporating in
LUVs an enzyme together with SUVs loaded with a substrate. The resulting enzy-
matic transformation of the substrates produced ﬂuorescent signals which permitted
to localize by confocal microscopy the products at single vesicle level. The developed
system allowed monitoring many vesicular reactors at the same time and demon-
strated that the conﬁned biochemical reactions were triggered synchronically. By
comparing diﬀerent reactors we see that the initial reaction rate shows a dependency
to the substrate concentration.
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In a further step we performed two sequential enzymatic reactions within one
single vesicular reactor. In order to achieve this two populations of SUVs made of
diﬀerent lipids were introduced together with an enzyme in the lumen of the LUV.
One kind of SUV released its substrate around 23◦C and the other kind around
41◦C. Triggering was realized by applying a temperature ramp to the whole sample.
FCS was adapted and successfully applied to characterize the system in an
unprecedented manner. The small detection volume enabled to probe the lumen of
diﬀerent LUVs before and after the release of substrates from incorporated SUVs.
Under diluted conditions, the concentration of encapsulated SUVs and also the
resulting released concentration of dyes were determined down to the single vesicle
level. The averaged number of SUVs in LUV was evaluated at 1 SUV per femtoliter,
a bit more than 1 ﬂuorophore released from the SUV with initial dye concentration
of 3.2 μM (1 dye / SUV) and around 10 ﬂuorophores released from SUVs loaded 10
times more (32 μM (10 dyes / SUV).
7.2 Applications
This work is not at its end but demonstrates a novel approach which may be applied
to trigger single enzyme reactions in conﬁned volumes in a parallel manner. This
could also be applied in a high-throughput screening system as mentioned in chapter
4 with the ﬁgure4.10 using diﬀerent sorts of LUVs ﬂuorescently marked.
The possibility to trigger successive reactions within one container could con-
tribute to analyze inhibition or activation eﬀects from diﬀerent reactants in a con-
ﬁned volume. As the lipid vesicles mimic cell membranes, transmembrane proteins
like g-protein coupled receptors (GPCRs) or ion channels could be incorporated and
assayed [12]. This system may thus oﬀers the possibility to investigate these protein
interacting with molecules released from the inner part of the container as it would
happen in a biological cell.
7.3 Improvements
The results obtained demonstrate the proof of principle for the proposed approach,
but during this thesis project, some important parameters were still not quantiﬁed
especially the number of enzymes per reactor. Also, due to mentioned technical
problems, the kinetics of reactions were not quantiﬁed in details and thus the con-
ﬁnement eﬀect was not determined.
Possible optimizations or improvements should be considered towards a valu-
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able single molecule system. For an eﬃcient immobilization the SUVs non incorpo-
rated in LUVs need to be removed by ﬁltration which certainly disrupts (qualitative
observations) part of the LUVs. In order to preserve the integrity of the LUVs, a UV
polymerizable network (as [111]) in the lipid bilayer will increase their mechanical
stability. If the immobilization is more eﬃcient, this could permit some washing
cycles. A more clean sample will enable to apply more sensitive single-molecule
spectroscopy techniques such as wide-ﬁeld microscopy coupled to a sensitive CCD
camera.
Developing another strategy to release the substrates from SUVs that would
prevent a temperature diﬀerence between the sample and the microscope objective
could increase the data quality. The release could be induced for example by a pH
change (membrane of LUVs being permeable to protons) with SUVs composed of
pH sensitive lipids [112–114], or by photo-irradiation either on incorporated gold
nanoparticles [50] or on photosensitive lipids [115,116].
Using emulsion systems instead of LUVs would be an attractive approach as
these systems oﬀer certain advantages. The encapsulation eﬃciency of enzymes and
SUVs (maybe modiﬁed) could be more reproducible, controllable and would not
need a separation process to remove the non incorporated SUVs. Particularly, by
applying microﬂuidic systems [43–45] the generated emulsion droplets would have
a uniform and well deﬁned internal concentration of reactants. The size of the
droplets would also be controlled so as to deﬁne the absolute number of enzymes. In
addition, the droplets can also be used as templates for lipid bilayers or more rigid
polymerized structures.
82 Chapter 7. Conclusion and Outlook
Abbreviations
LUV large unilamellar vesicle
SUV small unilamellar vesicle
Tt lipid phase transition temperature














BSA bovine serum albumin
FCS ﬂuorescence correlation spectroscopy
ACF autocorrelation function
DSC diﬀerential scanning calorimetry
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